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Over the last century, much has been learned about the functions of eosinophils, eosinophilia, and human disease. Indeed, from its initial appearance as a casual, innocent bystander in disease to a major pathogenic effector cell causing the disease, the complexity of eosinophil activities at the molecular and cellular level is now being unraveled. An extension of this intense investigation is the recognition that targeting the eosinophil, its production, and its accumulation in target tissues, is an important and necessary area of therapeutic exploration.

In healthy individuals, eosinophils represent a minor leukocyte subpopulation, accounting for less than 5% of total circulating white blood cells. Tissue compartments with abundant resident populations of eosinophils include bone marrow, primary, and secondary lymphoid tissues, the uterus, and most of the gastrointestinal tract (with the exception of the esophagus under homeostatic conditions). These tissues share features of substantial cellular turnover and regenerative capacity. To a large extent, eosinophils serve as effector cells, capable of inducing significant tissue damage as a result of their release of preformed cytotoxic mediators, including the granule proteins, major basic protein, and eosinophilic cationic protein. These mediators lead to the production of reactive oxygen species and generate an array of lipid mediators. The role of eosinophils was previously considered to be defensive in the setting of parasitic infections or offensive in the development of an allergic response to an environmental allergen. This binary expression of the role or function of eosinophils, especially in the context of human disease, has recently undergone considerable evolution. Eosinophilia and eosinophil products are now centrally positioned in ongoing immune responses through production of pivotal cytokines and chemokines, expression of features of antigen-presenting cells, ligation of Toll-like receptors, and the elicitation of T-helper (T~h~2) immune responses. In these activities, eosinophils have been shown on the one hand to enhance local inflammatory responses, while on the other to dampen such responses. With this extensive array of activities, it is not surprising that a role for eosinophils has been demonstrated in normal tissue homeostasis and in many disease states. This chapter details the unique positions eosinophils play in a wide range of disease states, in both pathological and protective roles.

In [Chapter 13.2](#s9010){ref-type="sec"}, Per Venge begins by addressing the proteome of human eosinophils and the differences in molecular forms of many of the proteins in healthy and allergic subjects. Identification of the spectrum of proteins produced and the genetic polymorphisms of the major secretory molecules is fundamental to our understanding of the role of eosinophils in health and disease and provides the potential for targeted regulation of specific functions.

Eosinophilia is a hallmark of allergic disorders characterized by the activation of selective hematopoietic processes during the onset and maintenance of allergic inflammation. The appearance of eosinophils in the circulation and in tissue involves processes in the bone marrow that lead to accumulation, differentiation, and proliferation of eosinophil lineage-committed hematopoietic progenitors at tissue sites. In [Chapter 13.6](#sc6){ref-type="sec"}, Gavreau and Denburg summarize mechanisms that lead to the accumulation of eosinophils and their progenitors in the airways of allergic asthmatics. The role of eosinophils in asthma is further developed by Thomas and Busse. Recognizing the controversial relationship between airway eosinophilia and asthma severity, they focus on the dynamic contribution of eosinophils to asthma. What emerges are two major roles, one in which the eosinophil serves as an effector cell in airway remodeling, the other as a biomarker for asthma exacerbations. The link between eosinophils and asthma is strengthened with the recognition that viruses are a primary cause of asthma exacerbations. In [Chapter 13.7](#sc7){ref-type="sec"}, Bivins-Smith and Jacoby explore the association of eosinophils with virus-induced asthma, especially eosinophil contact with airway nerves, which become activated and release mediators that cause dysfunction. In releasing excess acetylcholine, the altered airway nerves modulate airway smooth muscle responses and induce the development of bronchoconstrictive responses.

Moving from the airways to the skin, in [Chapter 13.3](#sc3){ref-type="sec"} Simon and Simon discuss eosinophil infiltration of the skin in a wide variety of disorders, both allergic and nonallergic. However, it remains somewhat unclear what mechanisms are responsible for eosinophil recruitment and activation in the skin, especially as conditions and pathogenic roles vary from disorder to disorder. A similar scenario is observed in the various primary eosinophilic gastrointestinal disorders. In [Chapter 13.8](#sc8){ref-type="sec"}, Davis and Rothenberg identify common and uncommon features of these disorders and the surprising and somewhat frightening increases in prevalence of these conditions, especially eosinophilic esophagitis.

Beyond the association of eosinophilic infiltration of the airways, skin, or gastrointestinal tract, the entity *hypereosinophilic syndrome* has emerged, in which there is significant peripheral blood eosinophilia in the absence of evidence for parasitic, allergic, infections, or other causes. In [Chapter 13.9](#sc9){ref-type="sec"}, Khoury and Klion define this rare group of disorders, taking advantage of advances in molecular diagnostics and the use of targeted therapies.

Importantly, eosinophils are now appreciated to be important players in newly recognized roles. In several cancers, eosinophilia is associated with the tumors. In [Chapter, 13.10](#sc10){ref-type="sec"}, Lofti and colleagues characterize tumor-associated eosinophils, with activities such as destructive effector functions potentially limiting tumor growth as well as immunomodulatory and remodeling activities, which may suppress immune responses. Eosinophils have been implicated in transplant rejection and have long been seen in graft-versus-host disease. In [Chapter 13.13](#sc13){ref-type="sec"}, Roufosse and colleagues review the *friend or foe* sides of eosinophil infiltration in solid organ and hematopoietic stem cell transplantation. In [Chapter 13.14](#sc14){ref-type="sec"}, Krahn and colleagues review the clinical and pathological features of the rare condition of eosinophil myositis. In the absence of known causes of eosinophilic myositis, such as parasite infections, systemic disorders or toxic causes, some cases of *idiopathic* eosinophilic myositis have been linked to calpain-3 mutations.

Over the last century, much has been learned about the functions of eosinophils, eosinophilia, and human disease. Indeed, from its initial appearance as a casual, innocent bystander in disease to its recognition as a major pathogenic effector cell causing the disease, the complexity of eosinophil activities at the molecular and cellular level is now being unraveled. An extension of this intense investigation is the recognition that targeting the eosinophil, its production and its accumulation in target tissues, is an important and necessary area of therapeutic exploration.

Chapter 13.2. Genomics and Proteomics of the Human Eosinophil {#s9010}
-------------------------------------------------------------

Per Venge

The human eosinophil contains some unique proteins shared only with primates. These are eosinophil cationic protein and eosinophil-derived neurotoxin/RNase2, two potent multifunctional secretory proteins likely to have a great impact on the biology of eosinophils in disease. This is illustrated by the close associations of genetic polymorphisms in these two genes with allergy and parasitic disease. The study of the proteome of human eosinophils has revealed intriguing differences in molecular forms of several proteins between healthy and allergic subjects. Some proteins, such as the heat shock cognate protein 70, were only detected in eosinophils of allergic individuals and other proteins, such as eosinophil peroxidase, showed dramatic molecular alterations in the allergic population. The study of the proteome of human eosinophils and of genetic polymorphisms of the major secretory molecules should, together with assaying eosinophil proteins in biological fluids, provide us with decisive knowledge on the role of eosinophils in health and disease.

Introduction {#s0015}
------------

Almost 40 years ago, the eosinophil granule major basic protein (MBP) was purified by Gleich and colleagues from guinea pig cells[@bib1], [@bib2] and the eosinophil cationic protein (ECP/RNase3) purified from human leukemia cells by our group.[@bib3], [@bib4] These achievements were the starting points for the study of the proteome of the human eosinophil, with the subsequent purification of MBP from human eosinophils[@bib5] and the identification and purification of the two other major eosinophil granule proteins, eosinophil protein X/eosinophil-derived neurotoxin (EPX/EDN)[@bib6], [@bib7] and eosinophil peroxidase (EPO).[@bib8], [@bib9] Remarkably, these four highly basic proteins make up about 90% of the proteins contained in the secretory granules of the human eosinophil. The eosinophil is regarded to be a secretory cell and it was consequently assumed that the biological activities of the human eosinophil are governed to a large extent by the activities of these proteins. Thus, in attempts to understand the role of the human eosinophil in health and disease, a detailed study of the proteins and their genetics in relation to human disease therefore seemed logical. In this context, it should be emphasized that the granule content of human eosinophils is unique and shared only with other primates, since the duplicated gene products ECP and EPX/EDN are rapidly evolving and highly divergent orthologues are present in nonprimate mammalian species.[@bib10] Such findings indicate that the interpretation of activities of eosinophils of other species should be extrapolated to humans with care. In this subchapter, I will describe some of the key activities of the four major granule proteins and the experience of assaying these proteins in various biological materials in human disease. I will also describe recent attempts to map the protein content further using modern proteomics techniques. At the end of the subchapter, I will summarize the genetic findings of the proteins and the associations of single nucleotide polymorphisms (SNPs) of the genes encoding these proteins with disease. More details of the biological activities of the four proteins are found throughout this volume.

The Four Major Granule Proteins of Human Eosinophils {#s0020}
----------------------------------------------------

The four major granule proteins of human eosinophils will be considered in turn ([Table 13.2.1](#t0010){ref-type="table"} ).TABLE 13.2.1Some Characteristics of the Four Major Granule ProteinsMoleculeChromosomeProtein Size (kDa)pIMajor (Minor) Cellular LocalizationBiological ActivitiesECP (RNase3)Chr 14q15.5--2210.5--11Eosinophil (Neutrophil, Monocyte)Cytotoxic, Noncytotoxic activities (RNase)EPOChr 17q\~66\>11EosinophilPeroxidase, Nonperoxidase activitiesEPX/EDN (RNase 2)Chr 14q18.6\~9Eosinophil (Neutrophil, Liver)RNase, AlarminMBPChr 11q13.810.8Eosinophil, Placental cells (Basophil)Cytotoxic, Noncytotoxic activities[^1]

### Eosinophil Cationic Protein {#s0025}

ECP is a single chain, highly basic protein \[isoelectric point (pI) ranging from 10.5 to 11\] with apparent molecular masses ranging from 15.7 kDa to 22 kDa. The heterogeneity is largely due to glycosylation of the protein.[@bib11], [@bib12] The gene encoding ECP comprises two exons and one intron and is located on the q arm of chromosome 14 (14q). Exon 2 is the coding DNA sequence for ECP. ECP is located in the secretory granules of human eosinophils and is unique to humans and primates. Minute amounts of ECP may be produced by monocytes and neutrophils under certain conditions.[@bib13], [@bib14], [@bib15] However, most of the ECP located in neutrophils probably derives from the active uptake of ECP from the environment.[@bib16] ECP belongs to the large family of RNases and is also named RNase3. In addition to being an RNase, ECP is a true multifunctional protein with both cytotoxic and noncytotoxic activities. The cytotoxic activities are determined by post-translational glycosylations and the majority, if not all, of ECP stored in the granules is richly glycosylated and noncytotoxic.[@bib12], [@bib17], [@bib18] Upon release from the eosinophil, the molecule is deglycosylated and acquires cytotoxic capabilities.[@bib19] Several SNPs have been found in the DNA sequence of ECP; however, only two are in the coding part of exon 2.[@bib20], [@bib21] The most commonly found SNP is located at position 434, in which guanine (G) is replaced by cytosine (C). In Scandinavian populations 434G is most commonly found, whereas in African populations 434C is the most common.[@bib22] Thus, in Scandinavia about 60% of the population carry the 434GG genotype and about 8% the 434CC genotype, whereas the reverse is the case in a Ugandan population. The 434G\>C SNP results in an amino acid shift from arginine at position 96 to threonine and a fundamental change in biological activity, since the cytotoxic activity is lost.[@bib18] Whether the loss in cytotoxic activity is due to the amino acid shift per se affecting the cytotoxic site of the molecule or due to the fact that the replacement of arginine with threonine potentially creates a new glycosylation site that might disguise another cytotoxic site is at present not entirely clear. Attempts to identify the bactericidal active sites were made by engineering recombinant protein and peptides.[@bib23] These experiments suggest a location for the activity at the N-terminal portion of ECP. The presence in the ECP molecule of several active sites, possibly with different targets, seems likely. The SNP 277C\>T in the coding region of the ECP gene is much less common and gives rise to a replacement of arginine at position 47 with cysteine. The possible functional consequences of this amino acid shift are unknown, but it is predicted to have a great impact on the molecular structure. Other biological activities of ECP, such as the RNase activity and the ability of ECP to activate fibroblasts, are not affected by the amino acid shift from arginine to threonine, which shows that these capabilities of ECP are dissociated from each other.[@bib17] Other SNPs in the ECP gene are associated with protein expression. Thus, the 562G\>C SNP in the 3′UTR region was found to closely correlate with the cellular content of ECP.[@bib24] The affected sequence is a binding site for the transcription factor, retinoic acid receptor (RXR), which in turn acts as a cofactor to the transcription factor, Sp1. Sp1 was shown to affect ECP synthesis by binding to the promoter region of the gene. Also, the intronic SNP c.-38A\>C has been shown to relate to the ECP content of eosinophils. Thus, several parts of the ECP gene seem to affect ECP production. In a Japanese population, a promoter polymorphism -393C\>T is common, but is not found at all in the Scandinavian population.[@bib25] This mutation is closely related to serum levels of ECP, thus suggesting an impact on ECP production. The activities of ECP are counteracted by heparin, but also by a protease-modified α~2~-macroglobulin.[@bib11]

### Eosinophil Protein X/Eosinophil-Derived Neurotoxin {#s0030}

EPX/EDN is a single chain protein of 18.6 kDa that shares 70% homology with ECP, since the formation of the two proteins is the result of a gene duplication 30--40 million years ago.[@bib26], [@bib27] The ancestral gene was an RNase and this property has been conserved by the gene product EPX/EDN, but almost completely lost in the gene product ECP, which has instead acquired cytotoxic properties. The protein was independently described, purified, and named (EPX) by our group[@bib7] and the group of Gleich (named EDN)[@bib28] and both names are used in the literature. For the sake of clarity the name eosinophil derived neurotoxin (EDN) will be used throughout this volume, since this is the more commonly used name and also because the gene of eosinophil peroxidase (EPO) recently has been renamed EPX. The EDN gene is located close to the ECP gene at chromosome 14. Chromosome 14 is also the location of the genes of the RNase A superfamily to which ECP and EDN belong; hence, the alternative name of RNase2. EDN is also a highly basic protein (pI of about 9), although less so than ECP. EDN is produced in small amounts by macrophages and neutrophils, but also by liver cells. EDN is stored in the eosinophil within the secretory granules together with ECP, but is also stored in a separate compartment of easily mobilized secretory vesicles.[@bib29] The biological activities of EDN are related to its RNase activity and involve antiviral properties. However, recent studies indicate several other activities of great interest. Thus, EDN has been added to the growing list of alarmins,[@bib30] which are proteins that attract and enhance the activities of antigen-presenting cells, such as dendritic cells. Activation of cells through Toll-like receptor 2 (TLR2) further links the activity of EDN to components of innate immunity. The neurotoxic activity, which is the basis for the name EDN, suggests cytotoxic properties for EDN, although the cytotoxic activity of the molecule against any other cell is modest and mostly absent. In our previous studies, we could show some alterations in Purkinje cells in the cerebellum of rabbits following injection of EDN, thus resembling the Gordon phenomenon.[@bib31] However, the injection of 100 times lower amounts of ECP had much more detrimental consequences, with the disappearance of Purkinje cells and the rapid development of ataxia and other neurological disturbances. The neurotoxic activities of the eosinophil proteins and the development of the Gordon phenomenon may therefore be the combined actions of the potent RNase EDN and the cytotoxic ECP. Four SNPs were identified in the EDN gene in a Scandinavian population, none of which gives rise to an amino acid shift. One SNP, 405G\>C, is located in the intron and is closely related to the cellular content of EDN. This locus is the binding site for several different transcription factors that may be involved in the expression of EDN.

### Eosinophil Peroxidase {#s0035}

EPO is a two chain heme-binding protein with one heavy chain of about 52 kDa and one light chain of about 14 kDa.[@bib9] The gene is located on chromosome 17q31 and consists of 12 exons and 11 introns. The amino acid sequence shows an almost 70% homology with that of myeloperoxidase and also considerable homology with other members of the peroxidase family of proteins.[@bib32] EPO is a highly basic protein with a pI of \>11. It is located in the matrix of the secretory granules and is probably specific to eosinophil granulocytes, since no other locations have been identified in mature cells. EPO is difficult to extract from mixed blood leukocytes, since it has a high affinity for neutrophil membrane structures.[@bib33] The biological activities of EPO are partly related to its peroxidase activity and partly to other properties of the molecule. The peroxidase catalyzes halidation reactions leading to the formation of long-acting hypohalides, such as hypobromous acid, oxidation of thiocyanate, and nitration of tyrosine.[@bib34], [@bib35] Such radicals may act on cellular membranes and take part in defense reactions against a variety of microbes. Numerous mutations and polymorphisms have been found in the EPO gene, five of which result in amino acid shifts. The possible consequence to functional activities of these amino acid shifts is unknown.

### Major Basic Protein {#s0040}

Eosinophil MBP was named from findings in guinea pig eosinophils, since it appeared to make up the majority of the proteins contained in the secretory granules.[@bib1], [@bib36], [@bib37], [@bib38], [@bib39], [@bib40] In human eosinophils the content of MBP is in the range of the other three major proteins, i.e., 5--10 μg/10[@bib6] eosinophils. The mass of MBP is 13.8 kDa and its pI is 11.4. The MBP gene is located on chromosome 11q12 and consists of six exons and five introns. MBP is apparently produced as a much larger preproprotein, and an acidic portion of proMBP is cleaved off upon storage in the eosinophil granules. This acidic portion of proMBP may serve to protect cellular structures from its cytotoxic activities during synthesis and packaging. The larger proMBP, however, has been identified in immature bone marrow cells. proMBP has also been found in placental cells in complex with the metalloproteinase pappalysin-1, or pregnancy associated protein A (PAPP-A), and shown to inhibit the activities of PAPP-A. The MBP molecule makes up the typical crystals seen in the specific granules of human eosinophils. An MBP homologue was identified, characterized, and named MBP2.[@bib40] This protein was purified from human eosinophils and has a molecular mass of about 13.5 kDa and a much lower isoelectric point of 8.7. The gene encoding hMBP2 is located in close proximity to the gene of MBP1 at chromosome 11q12 and has five exons. MBP1 is expressed in several cell types other than human eosinophils, such as basophils and placental cells, whereas hMBP2 seems to be located only in eosinophils. The biological activities of MBP are predominantly related to its cytotoxic capabilities, but numerous noncytotoxic activities have also been identified, many of which will be described throughout this volume. In the MBP genes, several mutations and polymorphisms have been identified, five of which may result in an amino acid shift. Consequences to the activities of MBP resulting from these amino acid shifts have not been described.

Proteomics Studies of Human Eosinophils {#s0045}
---------------------------------------

As discussed elsewhere in this volume, the human eosinophil is capable of producing and secreting a number of other proteins in addition to the major proteins described above. These include large numbers of adhesion molecules, chemokines, cytokines, and others. In an attempt to gain further insight into the biology of human eosinophils, modern proteomics techniques may be applied to map the major protein content of normal and diseased eosinophils. In this regard, several different approaches may be applied. One is the description of as many proteins as possible and another is the selected description of proteins based on criteria such as extraction procedures or detection methods, e.g., based on the identification of phosphorylated proteins only. One study incubated eosinophils with sonicates of mast cells and the cytokines granulocyte-macrophage colony-stimulating factor (GM-CSF) and tumor necrosis factor (TNF-α) and used \[[@bib35]S\]methionine to monitor protein synthesis.[@bib41] Extracts of eosinophils were run on two-dimensional (2-D) gels and the number of protein spots increased dramatically following these stimuli compared to control cells. In addition, the position of the spots differed depending on the stimuli used, which suggests that eosinophils respond differently to these stimuli. Unfortunately, no attempts were made to identify the proteins in these spots. Another study showed differences in 51 spots between healthy subjects and those affected by atopic dermatitis.[@bib42] One such difference was downregulation of the Grb7 adaptor protein in cells from patients, which may relate to eosinophilia of the patients and antiapoptotic features of these cells. Overall, 1121 spots were identified in healthy subjects and 1310 spots in the eosinophils of atopic dermatitis patients, which emphasizes that circulating eosinophils of such patients are exposed to various stimuli that induce protein synthesis. One upregulated spot of particular interest in atopic dermatitis relates to increased expression of the low-affinity receptor for immunoglobulin E (IgE). A different approach involved the study of phosphoproteins in an acute myelogenous leukemia (AML) eosinophil cell line after exposure to dexamethasone or IL-5.[@bib43] Fourteen phosphoproteins showed significant changes, i.e., were either phosphorylated or dephosphorylated, after IL-5 and 12 after dexamethasone. Phosphorylation of the translation initiation factor elf-3 subunit was increased by IL-5 and was also found to be increased in patients with atopic dermatitis. Interestingly, phospho-apolipoprotein E (p-APOE) was induced in eosinophils by dexamethasone but was decreased by IL-5 treatment. p-APOE levels could therefore be used as an indicator of proliferation or apoptosis of eosinophils. A 2-D gel of a survey of proteins in whole eosinophil extracts and extracts of membrane fractions of eosinophils of healthy subjects and of eosinophils obtained from allergic subjects during a pollen season is shown ([Fig. 13.2.1](#f0010){ref-type="fig"} ). Altogether more than 336 spots were identified by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), representing 98 different proteins.[@bib44] Among the proteins identified were the four major granule proteins described above and a number of other proteins hitherto not associated with human eosinophils. As expected, the proteins represent, to a large part, cytoskeleton-related proteins such as actin, but more than 11% of all proteins are of granular origin ([Fig. 13.2.2](#f0015){ref-type="fig"} ). The study also showed large differences in the expected pIs of several proteins. Thus, the cytoskeleton-related proteins cofilin-1, profilin-1, adenylyl cyclase-associated protein 1 (CAP 1), and coronin-1A were all found to be significantly acidified, whereas EDN and MBP2 were much more basic than expected. The actual biological significance of alterations to cytoskeleton-related proteins is uncertain, but may relate to the well-documented migrating capacity of eosinophils. In eosinophils obtained from allergic subjects exposed to pollen, several intriguing changes were observed ([Table 13.2.2](#t0015){ref-type="table"} ). One such was a change of more than three units in the pI of two protein spots identified as the heavy chain of EPO due to heavy chain glycosylations. We speculate that such heavy glycosylation may interfere with the enzymatic activity of EPO. In support of such speculations are our previous findings that the peroxidase-dependent luminol-enhanced chemiluminescence reaction of blood eosinophils purified from allergic subjects during the pollen season is significantly reduced.[@bib45] Altogether 12 spots were significantly changed in eosinophils from pollen-exposed allergic subjects, five of which were identified by MALDI-TOF MS. The other three identified spots were heat shock cognate protein 70 (hsc70) and the α and β subunits of CAP 1. As indicated above, CAP 1 subunits are involved in cell motility. The upregulation of these proteins, therefore, indicates that eosinophils from allergic subjects have an increased potential to respond to chemoattractants, a capacity that is well documented, since eosinophils harvested from the blood of allergic subjects show increased migration toward several chemoattractants.[@bib46] The upregulation of hsc70 has a number of biological implications of interest, such as changes in protein folding, intracellular protein transportation, and antigen presentation. The latter may lend further support to the eosinophil being actively involved in antigen presentation.[@bib47] FIGURE 13.2.1Two-dimensional separation of the proteins of eosinophils from healthy subjects.The molecular weight is given on the vertical axis. The left panel represents separation of proteins using a pH gradient 3--11 and the right panel separation from pH 9 to pH 12. A large number of proteins are gathered at the end, i.e., at about pH 11, of the left panel. These highly basic proteins were further separated and identified as shown in the right panel. Due to poor solubility, some proteins were not possible to separate using 2-D electrophoresis and their isoelectric points could therefore not be estimated. Among the insoluble proteins were eosinophil lysophospholipase (Charcot--Leyden protein), part of eosinophil peroxidase (EPO) and major basic protein (MBP). Mr, relative molecular mass.FIGURE 13.2.2Distribution of the eosinophil proteins according to their biological functions.The largest proportion of proteins is related to the cytoskeleton and metabolism of the cell. However, as much as 11% of total proteins identified are granule secretory components. PTM, post-translational modification.TABLE 13.2.2Isoelectric Points and Molecular Weights (M~r~) of the Four Major Granule Proteins of Healthy or Pollen-Allergic SubjectsMoleculeTheoretical pI/M~r~Experimental pI/M~r~ (Healthy Subjects)Experimental pI/M~r~ (Allergic Subjects)ECP10.72/15.710.16--10.72/15.5--20.8Similar to healthyEPO, heavy chain10.79/53.410.97/55.67.48/53.7EPO, heavy chain10.79/53.49.37/56.97.30/50.7EPX/EDN (RNase 2)9.2/15.59.67--10.65/17.2--25.3Similar to healthyMBP10.8/13.812.6/NDSimilar to healthy[^2]

Assaying Eosinophil Granule Proteins in Disease {#s0050}
-----------------------------------------------

The eosinophil marker that has become most widely used in the everyday clinical routine of the allergist is ECP, although several reports have shown that the measurement of EDN, EPO, or MBP may also be useful. The measurement of any of these eosinophil proteins may indicate the activity and turnover of the eosinophil granulocyte. Currently, ECP is measured in serum/plasma, but measurements in nasal lavage fluid, sputum, and possibly saliva are interesting alternatives, since ECP in these biological fluids more accurately reflects the local process. The advantages and disadvantages of measuring ECP in various biological fluids will be discussed below, and the current evidence that ECP may be a useful complement to the diagnostic armamentarium for monitoring and characterizing disease activity in the allergic patient. The emerging evidence of the clinical usefulness of urine measurement of EDN as alternative to serum ECP measurement to reflect eosinophil turnover and activity will also be considered.

### Eosinophil Cationic Protein in Sputum and Other Secretions {#s0055}

Numerous reports show that assaying ECP in nasal lavage, saliva, and sputum has the potential to become a clinical instrument for characterizing and monitoring inflammatory processes in the airways.[@bib11], [@bib48] This has been particularly shown in patients with asthma, chronic obstructive respiratory disease, and cystic fibrosis. In most cases, sputum has to be induced by hypertonic saline and cells in the sputum need to be separated from the supernatant in order to analyze mediators released from inflammatory cells. The relatively time consuming and complicated procedures required to achieve this are probably the main obstacles for a more widespread use of sputum measurement as a clinical tool. An alternative and much simpler procedure is the measurement of specific markers of various cells in whole sputum extracts. The numbers of eosinophil granulocytes in sputum have been estimated using ECP and several publications show that the numbers of eosinophils measured in this way correlate well with disease activity in asthma and are reduced as a consequence of corticosteroid treatment. An interesting alternative to sputum is saliva, since we showed recently that asthmatics have significantly raised levels of ECP in saliva that are reduced by corticosteroid treatment.[@bib49] Still, however, we do not know what the ECP levels in saliva actually reflect, as they may be indicative of either systemic or local eosinophil activity. In addition, the measurements of specific cell markers in nasal lavage fluids or ear secretions have been widely used, and the usefulness of such measurements in the understanding of cellular involvement has been clearly indicated.[@bib50] However, their clinical application is still not established.

### Eosinophil Cationic Protein in Serum/Plasma {#s0060}

ECP may be measured in both serum and plasma.[@bib11] If plasma is chosen, the blood should be anticoagulated with ethylenediaminetetraacetic acid (EDTA) or citrate in order to prevent spontaneous extracellular release of ECP and subsequent interaction with heparin. The levels of ECP in serum are consistently higher than in plasma, due to the fact that eosinophils in the test tube continue their extracellular release of ECP *ex vivo*. This is an active process that is both time and temperature dependent, which means that higher extracellular levels are achieved with increasing time and ambient temperature, and vice versa.[@bib51] Thus, if ECP is measured in serum, strict standardization of the blood sampling procedure and handling of the blood sample are necessary in order to avoid unacceptable variations in ECP levels. Our recommendation is that blood should be taken in tubes with a gel separator and that coagulation is allowed for 1 h at room temperature (22°C) before centrifugation and separation of serum. Both plastic and glass tubes may used. However, differences in the material and the inclusion of coagulation activators in the tubes may affect measurements. This means that normal ranges of ECP have to be determined in each laboratory that does not follow the recommendations of the manufacturer. The levels of ECP in EDTA--plasma probably correctly reflect the circulating levels of ECP at the time of blood sampling. These levels are the consequences of production and elimination of ECP, i.e., local or systemic release of ECP to the circulation as well as variations in the turnover rate of ECP. Normally, turnover is quite rapid, with a half-life (t~½~) of about 45 min. For several reasons, we can assume that the turnover is more rapid in subjects with ongoing inflammation. This means that an increased release of ECP to the circulation in certain diseases does not always lead to the anticipated increase in plasma levels, since the increased release may be partly or fully counteracted by an increased elimination rate. The dynamics of such counteracting principles may be the main explanation of the fact that in most cases clinical information obtained by EDTA--plasma measurements of ECP is less clear and less useful than the information obtained by serum measurements. In addition to the circulating levels, serum levels of ECP also reflect the secretory activity of the eosinophil population in the blood and, since the levels in serum are often 5--10 times those in plasma, we may draw the conclusion that it is above all the secretory activity of the eosinophils that determines ECP levels. The propensity of blood eosinophils to release ECP is increased in subjects exposed to allergen.[@bib52] My own interpretation of serum ECP levels is that they reflect the propensity of the eosinophil population to release ECP in the local process, e.g., in the lung of asthmatics. The higher this propensity is, the more damage is inflicted on the patient. In order to eliminate the influence of eosinophil counts on the serum levels of ECP and thereby obtain a purer reflection of eosinophil activity, serum levels may be divided by the eosinophil count, thus forming an ECP/eosinophil ratio. In some studies, such a ratio was found to be more closely related to disease severity in asthma.

More than a thousand papers have been published dealing with the relation between ECP levels and allergic or other inflammatory diseases.[@bib11], [@bib48], [@bib53], [@bib54] The majority of these publications indicate that ECP provides novel information about the process and that the information may be used in treatment stratification and monitoring of the disease, since ECP levels are closely related to exacerbation propensity and severity in diseases such as asthma and atopic dermatitis. Recent data also indicate that serum levels of ECP and EPO predict the further development of allergic disease.[@bib55] Thus, serum levels of the two proteins were significantly elevated in a group of patients with allergic rhinitis who developed asthma-like symptoms 6 years later. The prediction was not seen for blood eosinophil counts or nasal lavage findings. Several publications, though, have questioned and sometimes rejected ECP as a clinically useful marker. One reason for this may be the simplified view that asthma is one disease and that the disease is caused by one cell, the eosinophil, and that one marker such as ECP will solve all clinical problems. This is obviously not true, since we know today that the involvement of eosinophils in the asthmatic process is very variable between individuals. Another cause of variations in the results is probably the lack of awareness of the importance of correct sample handling. Still another possibility may be related to the recent discovery of several genetic variants of ECP and the fact that these variants are related to the expression of allergic symptoms and serum levels of ECP. The levels of ECP in blood or any other biological fluid are not disease specific, but provide us with information about the extent to which eosinophils are involved in the particular disease process.

### Eosinophil Protein X/Eosinophil-Derived Neurotoxin in Urine {#s0065}

In a search for noninvasive means to monitor eosinophil involvement in inflammatory diseases, urine measurement of EDN has emerged as a promising candidate, particularly in children.[@bib56], [@bib57], [@bib58] In order to minimize the influence of differences in water dilution of the urine, EDN levels have to be adjusted to creatinine concentrations unless 24-hour samplings are carried out. It is also useful to bear in mind that all eosinophil markers, including the excretion of EDN, show circadian rhythms with the highest levels occurring at night.[@bib59] Thus, for the sake of standardization of blood or urine measurements of eosinophil markers, sampling should always be carried out at the same time of the day. Several studies have shown that EDN in urine is elevated in asthma and atopic dermatitis, is related to disease activity, and reduced by anti-inflammatory treatment, i.e., corticosteroid treatment. Elevated levels of EDN in urine in wheezy children also seem to predict the development of asthma.

Single Nucleotide Polymorphisms in the Major Granule Proteins and their Associations with Disease {#s0070}
-------------------------------------------------------------------------------------------------

As mentioned above, two major granule proteins of human eosinophils are unique to humans and primates. Thus, knowledge of the role of these proteins in human disease cannot be extrapolated from mouse gene knockout experiments. The alternative is therefore to search for human counterparts to such knockouts, i.e., SNPs or mutations that have an impact on the biological activities of these proteins either with regard to their functional alterations or altered production. As shown above, only one SNP is known to lead to a functional alteration in any of these proteins: the ECP434G\>C gene polymorphism, in which the replacement of G with C in the DNA sequence results in the production of a noncytotoxic protein with the amino acid threonine at position 97 instead of arginine.[@bib18]

### ECP434G\>C (rs2073342) Genotypes and Clinical Findings {#s0075}

In the first study examining the possible association of the ECP434G\>C SNP with human disease, we found strong associations with the development of allergic symptoms, both in a group of 209 medical students and in a group of 79 subjects with allergic or nonallergic asthma.[@bib21] In the group of medical students, the diagnosis of allergy was based on a self-assessment questionnaire and in the asthma group the distinction was based on a clinical diagnosis. We found that the genotype ECP GG, giving rise to the production of the cytotoxic species, was more common in those experiencing allergic symptoms than in nonallergic subjects or those with nonallergic asthma. However, most notable was the absence of any allergic manifestations in the two cohorts carrying the ECP CC genotype. The ECP CC genotype therefore seemed to exclude the development of allergic symptoms and provided strong support for a key role for eosinophils in allergy. In a larger community-based study on 574 randomly selected subjects in Estonia and Sweden \[The European Community Respiratory Health Survey (ECRHS)\], symptoms and signs of allergy were based on a structured interview.[@bib60] The results of this study were much less clear, although the ECP434G\>C genotypes (ECP434GG, ECP434GC, and ECP434CC) showed significant associations with various expressions of allergic symptoms. However, it also became clear that ethnicity, gender, and smoking habits are important confounders. One intriguing finding of the ECRHS study was the associations of the ECP434G\>C genotypes with lung function with reduced lung functions found in both women and men carrying the ECP434G\>C G-allele compared to those carrying the C-allele. If confirmed, these findings suggest a detrimental effect of the cytotoxic ECP on lung tissues. In a Norwegian--Dutch study, no associations between allergy and the ECP434G\>C genotype were found.[@bib61] In contrast, this study showed an association with nonallergic asthma, which was also the case in our ECRHS study. An association with allergic rhinitis of the ECP434G\>C genotype was also negated in a Korean study.[@bib62] The association between asthma/allergy and the ECP434G\>C genotype is at present confusing and the seeming differences in findings not easily explained. Ethnicity and gender differences may have an impact, but the definition of the phenotypes studied is probably more important. It is important to clarify these relationships, since the cytotoxic activities of ECP could be targets for therapeutic interventions if such associations are confirmed and established.

ECP has the capacity to kill *Schistosoma mansoni* larvae*.* Knowing that the cytotoxic capacity is lost by an amino acid shift from arginine to threonine at position 97, we conducted a study on subjects living in Uganda in an endemic area of *S. mansoni* infections.[@bib22] The ECP434G\>C genotype distribution in this population was dominated by subjects carrying the ECP434 CC genotype, i.e., the opposite of the distribution found in non-African populations. Thus, the majority of people living in these endemic areas have a genotype that gives rise to the production of a noncytotoxic ECP and possibly a poorer defense against *S. mansoni* infection. We examined parasite egg excretion in feces, to reflect the level of defense against the infection, and indeed found higher numbers in subjects carrying the C-allele, thus suggesting the involvement of ECP in this defense reaction. We also found that subjects carrying the G-allele are much more prone to develop liver fibrosis, one of the serious consequences of the infection that affects about 10% of those infected by *S. mansoni*. Thus, it seems that the capacity to produce the cytotoxic ECP has some effect on defense against *S. mansoni*, but that the host's reaction to the infection is the major threat to the infected subject. In this regard, cytotoxic ECP may play a key role.

### ECP 562G\>C (rs2233860) Genotypes and Clinical Findings {#s0080}

As mentioned above, the ECP562G\>C genotype is closely related to the cellular content of ECP, with the lowest levels found in those carrying the ECP CC genotype.[@bib24] We found few, if any, associations between this genotype and the expression of allergic symptoms or asthma, but close relations to gender, with a higher prevalence of the G-allele in women, and relations to smoking habits.[@bib60] Similar findings were seen for the 434G\>C genotypes and may relate to the fact that these two genotypes are in strong disequilibrium. In the Korean study, the ECP562 G\>C C-allele was found to be more prevalent in allergic rhinitis.[@bib62] In the Norwegian--Dutch study, no apparent relations to allergy, asthma, and ECP levels were found, whether evaluated alone or as part of a haplotype.[@bib61]

### ECP c.-38A\>C (rs2233859) Genotypes and Clinical Findings {#s0085}

The intronic SNP ECP c.-38A\>C is located in a part of the gene that may be involved in regulating ECP production. The Norwegian--Dutch study showed a higher proportion of elevated serum levels of ECP and IgE, as well as higher proportions of subjects with asthma and bronchial hyperreactivity, in those carrying the adenine (A)-allele.[@bib61] Most of these associations, though, were only seen in the Dutch population. In a Japanese study, no association between the intronic SNP and serum ECP levels were found.[@bib25] In our ECRHS study, we found an intriguing association between the ECP c.-38A\>C genotypes and atopy.[@bib60] Among males, but not among women, atopy was associated with the ECP c.-38(A\>C) genotypes, with a significantly higher frequency of the CC genotype. In a logistic regression analysis, the ECP c.-38CC genotype was independently associated with an increased risk of atopy with an odds ratio of 1.9 and confidence interval (CI) of 1.2--3.1 when adjusted for gender, ethnicity, and smoking habits.

### ECP -393C\>T (rs11575981) Genotypes and Clinical Findings {#s0090}

The ECP -393C\>T SNP is located in the promoter region of the ECP gene. This SNP has only been described in the Japanese population.[@bib25] Interestingly, the -393C\>T genotypes are related to serum levels of ECP, with undetectable levels in subjects carrying the TT genotype.

### Eosinophil Protein X/Eosinophil-Derived Neurotoxin, Eosinophil Peroxidase, and Major Basic Protein Genotypes and Clinical Findings {#s0095}

One study examined a large number of EDN and ECP SNPs in a South Indian population with microfilaria infection and tropical pulmonary eosinophilia.[@bib63] No associations between either of these conditions and the SNPs examined were seen. However, the South Indian population seemed to have unique SNPs and haplotypes of the EDN and ECP genotypes compared to Asian and Scandinavian populations. In two Japanese reports, SNPs in the coding parts of the EPO gene were found to be associated with cedar pollinosis.[@bib64], [@bib65] In particular, an SNP in exon 7, resulting in the amino acid shift from proline to leucine and which might affect the activity of the protein, showed a strong association. In the second study, an association with a silent SNP in exon 6 was shown in addition to the exon 7 SNP. In a recent Czech study on allergic rhinitis, the exon 6 SNP was also found to be associated, whereas the exon 7 SNP was not present in this population.[@bib66] These reports suggest the involvement of EPO in the allergic process, although whether it involves the peroxidase activity of EPO or reflects other mechanisms is unknown. One report from Germany studied patients with atopic dermatitis and possible associations between nine different SNPs located in the four major eosinophil granule protein genes.[@bib67] However, no associations with atopic dermatitis were found for any of the SNPs studied, despite the fact that eosinophils are regarded to be important effector cells in this disease. No other studies have investigated SNPs in the MBP gene in relation to human disease.

Chapter 13.3. Eosinophils and Skin Diseases {#sc3}
===========================================
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Eosinophil infiltration in the skin has been observed in allergic and reactive diseases, autoimmune diseases, and infectious diseases, as well as in lymphomas and solid tumors. Since eosinophils are not present under physiological conditions in the skin, cutaneous eosinophilia requires an increased production, recruitment, and/or survival of eosinophils, which may be due to intrinsic defects in the eosinophils, as in myeloproliferative forms of hypereosinophilic syndromes, or extrinsic stimulation by cytokines released by T cells or tumor cells. Here, we discuss the present knowledge on eosinophils in selected skin disorders. However, the exact mechanisms of how eosinophils are recruited and activated in the skin under each condition and their pathogenic role(s) are not fully understood.

Introduction {#s0100}
------------

Tissue eosinophilia with or without associated blood eosinophilia is observed in a number of skin disorders, including allergic diseases, autoimmune diseases, bacterial or viral infections, hematologic diseases, parasitic infestations, as well as in association with tumors.[@bib68], [@bib69] The presence or absence of eosinophils in skin specimens is often used for differential diagnoses by dermatopathologists. For instance, eosinophils in the upper dermis might be a clue for the diagnosis of early lesions of bullous pemphigoid (BP), even in the absence of blisters. In addition, the detection of eosinophils might indicate the differential diagnosis of drug reactions, which often cannot be distinguished from other inflammatory skin diseases.

In hematoxylin and eosin (H&E) stained skin specimens, eosinophils are seen as round shaped cells stuffed with coarse eosinophil granules ([Fig. 13.3.1](#f0020){ref-type="fig"} A). Disrupted oval-shaped eosinophils may also be found, e.g., in subacute and chronic eczematous lesions ([Fig. 13.3.1](#f0020){ref-type="fig"}A, B).[@bib70] Depending on the disease, eosinophils are located among other inflammatory cells in the perivascular areas (e.g., in eczema), between collagen bundles in the dermis (e.g., in eosinophilic cellulitis), or in the epidermis (e.g., in pemphigus foliaceus; [Fig. 13.3.1](#f0020){ref-type="fig"}B--D). Moreover, in eosinophilic pustular folliculitis, eosinophils enter the hair follicle.[@bib71] Extracellular granular proteins can be detected in varying amounts either as separate deposits or as a thin coating on collagen bundles. The latter are called flame figures and are typically seen in eosinophilic cellulitis. Recently, deposition of eosinophil granule proteins in association with extracellular DNA traps was reported in several allergic, autoimmune, and infectious skin diseases.[@bib72] Immunofluorescence staining using antibodies directed against eosinophil cationic protein (ECP) or major basic protein (MBP) allows a more sensitive detection of eosinophils and extracellular granular protein depositions than H&E staining.[@bib73] FIGURE 13.3.1Eosinophil infiltration in the skin.*A*, Round, oval shaped and disrupted eosinophils (magnification ×1000). *B*, Perivascular infiltrate containing eosinophils in allergic contact dermatitis. *C*, Eosinophils between collagen bundles in eosinophilic cellulitis (Wells\' syndrome). *D*, Eosinophilic spongiosis in pemphigus foliaceus.

Under physiological conditions, eosinophils are usually not detectable in the skin. Therefore, primary causes (intrinsic) or stimuli (extrinsic) are required for initiating the increased production, recruitment, and/or survival of eosinophils under pathological conditions.[@bib68] Myeloproliferative forms of hypereosinophilic syndromes (HES) represent intrinsic eosinophilic disorders,[@bib74] in which mutations of multipotent or pluripotent hematopoietic stem cells occur, with subsequent increased eosinophil proliferation, often affect the skin ([Table 13.3.1](#t0020){ref-type="table"} ). Cutaneous manifestations vary from multiple erythematous papules, plaques, and nodules, to generalized erythematous maculopapular eruptions, often associated with pruritus.[@bib75], [@bib76] Clonal eosinophilia can occur as a consequence of gene rearrangements that result in increased tyrosine kinase activity.[@bib77] As a consequence, patients with hypereosinophilia due to fusion of the platelet-derived growth factor receptor α (*PDGFRA*) and FIP1 like 1 (*FIP1L1*) genes respond to imatinib therapy.[@bib78] TABLE 13.3.1Selection of Eosinophilic Skin Disorders Associated with Eosinophilia[@bib68], [@bib72]Intrinsic DisordersExtrinsic DisordersMutations of Hematopoietic Stem CellsCytokines Released byT cellsTumor cellsChronic eosinophilic leukemiaAllergic diseases: Atopic dermatitis, Urticaria, Drug reactionsCutaneous T cell lymphomaAcute myeloid leukemiaLangerhans cell histiocytosisChronic myeloid leukemiaB-cell lymphomasMyelodysplastic syndromesHodgkin's lymphomasIdiopathic hypereosinophilic syndromesAutoimmune diseases: Bullous pemphigoid, Dermatitis herpetiformis, Pemphigus, Epidermolysis bullosaAcute T-cell leukemia/lymphomaInfectious diseases: HIV, Ectoparasitosis, Insect bites, Erythema chronicum migrans, Erythema toxicum neonatorumHyper-IgE syndrome (Job syndrome)Eosinophilic pustular folliculitisGranuloma annulareAngiolymphoid hyperplasia with eosinophiliaLocalized sclerodermaEosinophilic fasciitisEosinophilic cellulitis (Wells syndrome)Hypereosinophilic syndromesInflammatory clonal T-cell disease

Extrinsic eosinophilic disorders due to cytokine release by either T cells or tumor cells are more common than intrinsic HES forms due to genetic abnormalities within hematopoietic stem cells ([Table 13.3.1](#t0020){ref-type="table"}). Cytokines involved in the development of skin eosinophilia are interleukin-3 (IL-3), IL-5, and granulocyte/macrophage colony-stimulating factor (GM-CSF). The expression of IL-5 in association with eosinophilic skin disorders has been reported for atopic dermatitis (AD), BP, cutaneous T cell lymphoma, episodic angioedema with eosinophilia, eosinophilic cellulitis, eosinophilic fasciitis, eosinophilic folliculitis, exanthematous drug reactions, hypereosinophilic syndrome with skin involvement, and urticaria.[@bib69] IL-3 expression has been detected in blister fluids of BP and blood leukocytes of HES patients.[@bib79], [@bib80], [@bib81] In Langerhans cell histiocytosis, as well as in AD, atopy patch test reactions, and cutaneous late phase reactions, the expression of both GM-CSF and IL-3 has been shown.[@bib69] The chemokine eotaxin/C-C motif chemokine 11 (CCL11) is important for tissue recruitment and activation of eosinophils. Eotaxin expression has been observed in AD, autoimmune-blistering diseases like dermatitis herpetiformis and BP, drug reactions, eosinophilic folliculitis, and parasitic dermatoses, and also in lymphomas, e.g., cutaneous T-cell lymphoma and Hodgkin disease.[@bib69]

The primary function of eosinophils was originally thought to be related to the protection against helminth parasites.[@bib82] Recently, a novel mechanism of eosinophil function in innate immunity has been reported. By releasing mitochondrial DNA and granule proteins, eosinophils form extracellular structures that can bind and kill bacteria invading the gastrointestinal tract.[@bib83] Such extracellular DNA structures generated by eosinophils have recently also been reported in inflammatory skin diseases.[@bib72] Furthermore, eosinophils are presumed to cause tissue damage.[@bib82], [@bib84] In addition, eosinophils play an important role in repair and remodeling processes, as well as in immunomodulation.[@bib85], [@bib86] The role of eosinophils under pathological conditions has mostly been studied in parasitic infections and bronchial asthma. In contrast, the role of eosinophils has not been explored in substantial depth in skin diseases. With regard to skin diseases, it can be assumed that eosinophils directly contribute to or amplify pruritus (itch) in the skin, by releasing neurotrophins (nerve growth factor and brain-derived neurotrophic factor) or indirectly by acting on mast cells.[@bib87] Pruritus is associated with most eosinophilic skin diseases, in particular with AD, BP, cutaneous T-cell lymphoma, and parasitic infections.

In the following sections, we summarize the current knowledge on the activation and function of eosinophils in selected eosinophilic skin disorders.

Atopic Dermatitis {#s0105}
-----------------

Tissue eosinophilia is a typical feature of eczema, in particular of AD. The numbers of eosinophils in the skin are usually modest (2.8 cells/mm^2^; range 0--90.3) and correlate with disease severity, as well as with the degree of spongiosis in acute exacerbations and marked epidermal hyperplasia in chronic stages.[@bib88] Besides eosinophils, eosinophil-derived products, such as ECP, eosinophil-derived neurotoxin (EDN), and MBP, are present in increased amounts in the blood and the skin of AD patients.[@bib89] Immunostaining with antibodies to ECP and MBP, as well as electron-microscopic evaluation revealed eosinophil granule proteins inside eosinophils, but also in the extracellular spaces, and the near absence of intact eosinophils, suggesting eosinophil degranulation and degeneration.[@bib70], [@bib90] In AD, eosinophil production, differentiation, recruitment, survival, and activation are under tight control of cytokines, particularly GM-CSF, IL-3, and IL-5, and chemokines, including eotaxin and RANTES (C-C motif chemokine 5; CCL5), as well as adhesion molecules, complement factors and leukotrienes.[@bib89] However, the pathogenic role(s) of eosinophils in AD have not yet been defined. The release of granule proteins suggests a role in host defense and/or tissue damage. Furthermore, eosinophils release a broad spectrum of mediators such as cytokines \[GM-CSF, IL-1, IL-3, IL-4, IL-5, IL-8, IL-10, IL-13, and transforming growth factor (TNF)\] and leukotrienes (in particular, the cysteinyl leukotrienes LTC~4~, LTD~4~, and LTE~4~) and thus they can regulate immune responses or initiate tissue repair processes.[@bib85] Improvement of AD upon both systemic and topical therapy is usually associated with a decrease in eosinophils and other inflammatory cells in the skin.[@bib89] However, the administration of an anti-IL-5 antibody showed only moderate effects on clinical symptoms, although blood eosinophils were almost completely depleted.[@bib91] Currently, it remains unclear whether anti-IL-5 antibody treatment reduces eosinophil tissue infiltration in lesional AD skin.

Urticaria {#s0110}
---------

Although the development of pruritic wheals in urticaria is attributed to the release of histamine by mast cells and basophils, other cell types, including eosinophils, neutrophils, and macrophages, and T cells, are also present in urticarial lesions. Eosinophils and extracellular deposits of eosinophil granule proteins have been described in chronic idiopathic urticaria, delayed pressure urticaria, and solar urticaria.[@bib92] Extracellular deposits of MBP have been observed as granular deposits and coating tissue fibers in the dermis, as well as in small blood vessel walls.[@bib93] ECP may stimulate histamine release by mast cells and basophils.[@bib94] By generating eicosanoid mediators and secreting neuropeptides, such as substance P, eosinophils may contribute to vasodilation.[@bib92] Vascular endothelial growth factor, which is elevated in the plasma of chronic urticaria patients and correlates with disease severity, has been reported to be predominantly expressed by eosinophils.[@bib95] Recently, an involvement of the coagulation cascade in the pathogenesis of chronic urticaria has been suggested. Eosinophils that were shown to express tissue factor in urticarial lesions may activate the tissue factor pathway of coagulation, resulting in the generation of thrombin, which stimulates mast cells for histamine release.[@bib96]

Eosinophilic Cellulitis (Wells\' Syndrome) {#s0115}
------------------------------------------

Eosinophilic cellulitis is characterized by an intense infiltration of eosinophils, extracellular granule deposition, and flame figures in the dermis.[@bib97] Recently, high numbers of eosinophils generating extracellular DNA traps in association with ECP have also been observed in this eosinophilic disorder.[@bib72] Patients present with recurrent episodes of acute pruritic dermatitis and occasionally with blisters, painful edematous swellings, or persistent urticarial eruptions.[@bib97] The cause is unknown, but some patients develop eosinophilic cellulitis in association with hematological disorders, infections, or anti-TNF-α therapy. Corticosteroids are usually helpful in this disease. In 37% of patients with HES, the skin is affected.[@bib98] Skin manifestations of HES include blisters, eosinophilic cellulitis, erythematous macules, lichenoid eruptions or urticarial lesions, necrosis, papules or nodules, pruritus, purpura, and ulcerations. Cutaneous symptoms are usually present in a subgroup of patients with HES, in which IL-5-producing T cells exhibiting an abnormal immunophenotype have been identified.[@bib80] Anti-IL-5 antibody therapy has been shown to improve skin symptoms in HES patients.[@bib73]

Eosinophilic Pustular Folliculitis {#s0120}
----------------------------------

Eosinophilic Pustular Folliculitis (EPF) presents with recurring clusters of sterile follicular papules and pustules, predominantly on the face and trunk.[@bib71] EPF may affect immunocompetent subjects (Ofuji disease), but is most commonly seen together with immunosuppression. EPF has been reported in association with infections, in particular acquired immunodeficiency syndrome (AIDS), autoimmune diseases, and medications, as well as autologous peripheral blood stem cell and allogeneic bone marrow transplantation.[@bib71] The histology shows a dense follicular and perifollicular infiltrate of eosinophils and scattered lymphocytes, and sometimes follicle destruction. A pathogenic role for eosinophils in response to fungi (Malassezia), Demodex mites, and bacteria has been suggested.[@bib71]

Bullous Pemphigoid {#s0125}
------------------

The histopathology of BP reveals eosinophil infiltration in and below blisters and along the basement membrane,[@bib99] as well as in nonblistering, urticarial, or eczematous lesions of BP.[@bib100] Patients with active BP exhibit increased eotaxin and IL-5 levels, as well as eosinophil numbers in the blood compared with patients in clinical remission and healthy controls,[@bib101], [@bib102], [@bib103] associated with significant eosinophil infiltration in the skin, as well as disease intensity.[@bib104], [@bib105] Whether BP180 and/or BP230 autoantibodies of immunoglobulin G (IgG) or IgE types can activate eosinophils with or without preceding priming has not been investigated so far. Eosinophils exhibit CD16, the Fc-γ receptor, and degranulate upon stimulation with IgG immune complexes.[@bib106] Furthermore, IL-5-primed eosinophils from these patients release granule proteins upon stimulation with complement C5a.[@bib107] It has been hypothesized that in the presence of complement, eosinophils release enzymes and reactive oxygen onto the basement membrane, causing tissue destruction and blister formation in BP.[@bib108] Eosinophil granule protein depositions have been observed in both blistering and evolving lesions.[@bib109] Recently, extracellular DNA traps generated by eosinophils were also described in BP.[@bib72] MMP9 has been reported to be expressed by eosinophils in lesional skin, as well as in blister fluids of BP.[@bib110] Moreover, MMP9 cleaves the extracellular, collagenous domain of BP180 autoantigen *in vitro*.[@bib110]

Other Autoimmune Bullous Diseases {#s0130}
---------------------------------

Eosinophilic spongiosis can be observed in early pemphigus including pemphigus foliaceus.[@bib111] The presence of eosinophils may be due to IL-5 as part of the mixed T-helper 1/2 (T~h~1)/T~h~2 cytokine profile that has been found in pemphigus vulgaris.[@bib112] Complement-fixing antibodies were shown to induce eosinophil infiltration in pemphigus.[@bib113] Charcot--Leyden crystals have been observed in pemphigus vegetans.[@bib114]

Eosinophils can be seen in the papillary dermis in dermatitis herpetiformis, although neutrophils and leukocytoclasis are more characteristic in this disorder.[@bib99] Furthermore, both neutrophils and eosinophils are the predominant infiltrating cells in linear IgA bullous dermatosis.[@bib115] Epidermolysis bullosa acquisita following GM-CSF therapy has been related to eosinophil infiltration and deposition of eosinophil peroxidase (EPO) and MBP at the dermal--epidermal junction.[@bib116]

Cutaneous Drug Eruptions {#s0135}
------------------------

In drug reactions, the presence of eosinophils in the skin is quite a striking finding, despite various clinical and histopathological presentations \[e.g., acute generalized exanthematous pustulosis (AGEP), erythema multiforme, maculopapular rashes, and pseudolymphomatous and granulomatous drug reactions\].[@bib117] Drug reaction with eosinophilia and systemic symptoms (DRESS) is a drug reaction with both blood and tissue eosinophilia and systemic symptoms. It presents with an acute, severe skin eruptions that may develop from a maculopapular rash into erythroderma, as well as with blood eosinophilia, fever, hepatitis, lymphadenopathy, and other organ involvement.[@bib118] Eosinophils accompanied by other inflammatory cells are found in the skin and lymph nodes. Severe hepatitis, in which eosinophilic infiltration or granulomas as well as hepatocyte necrosis and cholestasis are striking features, may result in liver failure, accounting for the high mortality rate of 10%.[@bib118] The treatment is based on high-dose corticosteroids. Drugs known to cause DRESS are anticonvulsants, anticancer drugs, antidiabetics, antimicrobial agents, nonsteroidal anti-inflammatory drugs, and sulfa drugs.[@bib68]

Lymphomas and Tumors {#s0140}
--------------------

In Langerhans cell histiocytosis (LCH), among the infiltrate of Langerhans cells (LC), scattered or clusters of eosinophils can be found in the papillary and deeper dermis, respectively.[@bib119] Since activated LC generate a broad spectrum of proinflammatory cytokines, e.g., chemokines and GM-CSF, they are able to recruit and activate eosinophils directly or via stimulation of other cell types. A predominant T~h~2 type cytokine production by cutaneous T-cell lymphoma (CTCL) results in eosinophilia, extracellular granule protein depositions, as well as increased IL-5 levels in the skin and/or peripheral blood.[@bib120] In angiolymphoid hyperplasia with eosinophilia, clonal T cell populations have been identified.[@bib121] Currently, it is not known whether the eosinophils inhibit or modulate proliferation of the malignant cells.

Scleroderma-Like Disorders {#s0145}
--------------------------

Eosinophilia is a common histological finding in a number of diseases characterized by marked tissue fibrosis, such as cutaneous forms of systemic sclerosis, drug induced scleroderma-like illness (e.g., bleomycin), eosinophilia--myalgia syndrome, eosinophilic fasciitis, localized scleroderma, and toxic oil syndrome.[@bib122] Elevated eosinophil granule protein levels have been detected in the serum of patients with diffuse cutaneous forms of systemic sclerosis, suggesting eosinophil activation and degranulation.[@bib123] As they produce fibrogenic cytokines, e.g., transforming growth factor β (TGF-β), eosinophils are thought to contribute to skin fibrosis.[@bib122]

Conclusion {#s0150}
----------

Together, these examples show that most observations on eosinophils in skin diseases are rather descriptive. The exact mechanisms whereby eosinophils are recruited and activated, as well as their pathogenic role(s), are not yet fully understood. Depending on the skin disease, a role in host defense, immunoregulation and/or remodeling, and fibrosis can be assumed. Further research is therefore required in order to understand the function of eosinophils in skin diseases and to develop new therapeutic strategies.

Acknowledgements {#s0155}
----------------

Our research is supported by the Stanley Thomas Johnson Foundation and Swiss National Science Foundation, Bern, Switzerland.

Chapter 13.4. The Evolving Role of Eosinophils in Asthma {#sc4}
========================================================

Thomas

Alex

Busse

William W.

Since the discovery of the eosinophil in the late 1800s, this cell has been considered to be not only a characteristic feature of asthma, but possibly an essential component of its pathophysiology. This concept has been supported by many observations, including the demonstration of tissue eosinophilia in postmortem analyses of the lungs of status asthmaticus, as well as parallel relationships between blood eosinophilia and markers of asthma severity. The concept of the eosinophil's central role in asthma was further strengthened by animal studies that showed that anti-interleukin-5 (anti-IL-5) reduced blood and airway eosinophils and in parallel decreased airway hyperresponsiveness and the development of the late-phase response to inhaled antigen. Surprisingly, when anti-IL-5 was given to patients with asthma, although bronchoalveolar lavage and peripheral blood eosinophils dramatically diminished, this treatment failed to show any significant improvement in airway hyperresponsiveness or airflow obstruction to inhaled antigen, or in clinical markers. What has emerged in the wake of anti-IL-5 studies are the two roles in which the eosinophil appears to play a significant role in asthma: that of an effector cell in airway remodeling and as a biomarker for asthma exacerbations.

Introduction: Why has the Eosinophil held a Position of Prominence in Asthma? {#s0160}
-----------------------------------------------------------------------------

Asthma is characterized by variable airflow obstruction, bronchial hyperresponsiveness, and chronic airway inflammation, all of which are likely to be intertwined and interdependent. The immune processes involved in the development of these characteristics in asthma are complex, redundant, and interactive, making it difficult to specifically define which factor, or factors, are the principal contributors to these processes and the eventual pathophysiology of asthma. As has also become apparent, asthma is represented by multiple phenotypes in which the clinical profiles and patterns of inflammation have distinct, though overlapping, characteristics. To appreciate the mechanisms of disease in asthma and the role of eosinophils, it is helpful to explore the contribution of individual cells to the pathophysiology of asthma.

As early as the turn of the 20th century, the eosinophil was identified as a prominent cell associated with asthma.[@bib124], [@bib125] For example, postmortem examinations of the lungs of patients who died from status asthmaticus showed, in many cases, sheets of eosinophils infiltrating the airways. These telling findings led to the long-held belief that eosinophils are an inherent characteristic and possibly an essential component of asthma, particularly in severe exacerbation of disease. As the role of airway inflammation became more fully defined, the assumption that eosinophils are a primary, if not *the* principal, contributor to asthma was integrated into concepts of asthma, at least until the last decade.[@bib126]

This positioning into asthma was further supported by animal models, which strengthened the hypothesis that eosinophils are a principal contributor to inflammation, airflow obstruction, and airway hyperresponsiveness (AHR).[@bib127] From animal models, it was possible to separate individual components that contribute to inflammation, and the cytokine, interleukin-5 (IL-5), was found to be responsible not only for terminal differentiation of eosinophils, but by ablating IL-5 with a specific monoclonal antibody, many of asthma-like airway responses to inhaled antigen were inhibited. Based upon these findings, eosinophils and IL-5 became a major pathway in allergic inflammation and a target to regulate and more mechanistically control asthma.

These theories would subsequently be tested with the administration of anti-IL-5 to patients with asthma. As expected, there was a significant reduction in circulating and sputum eosinophils but, surprisingly, little to no impact on features of asthma---airflow obstruction or AHR---and only a 50% reduction in bronchial mucosa eosinophils. Based upon these data, the role of the eosinophil in and contribution to asthma appeared less apparent. What has evolved since these dramatic shifts from an early appreciation of the eosinophil to asthma has been a more accurate and informed picture of this cell's involvement and contribution to asthma, which is the objective of our subchapter.

To most fully appreciate current views of eosinophils in asthma, we feel that it is helpful to trace the key observations that have attempted to define this cell's role in asthma. Retracing these discoveries has led to a more well-defined elucidation of the eosinophil's role in asthma.

What has been Learned from Investigations into the Eosinophil's Contribution to Asthma? {#s0165}
---------------------------------------------------------------------------------------

### Peripheral Blood Eosinophils {#s0170}

Clinical evidence to suggest that eosinophils are key players in asthma first emerged from examinations of peripheral blood samples, largely because of the ease and safety of such studies. Peripheral eosinophilia had been recognized as a feature of asthma for decades, with clinical correlations arising between airflow obstruction and the magnitude of peripheral blood eosinophilia.[@bib128] In 1975, a pivotal study by Horn et al.[@bib129] found that the total peripheral blood eosinophil count in a cohort of asthmatic patients was greater in those individuals with a more severe disease. This was an important early observation and provided a clue to what the eosinophil may contribute to asthma as an association arose between the degree of airflow obstruction and peripheral blood eosinophil counts. These and subsequent observations suggested that circulating eosinophils may be a key clinical feature of asthma and, because of these associations, contribute to airflow obstruction and hence disease severity.

In a subsequent study of 43 patients with chronic asthma, Bousquet et al.[@bib130] assessed clinical symptoms of patients in relationship to peripheral blood eosinophil counts. These investigators found a positive correlation between the eosinophil count and disease severity. To extend the value of peripheral blood eosinophils to features of asthma, Taylor et al.[@bib131] was also able to find correlations between peripheral blood eosinophilia and another key characteristic of asthma, bronchial hyperresponsiveness. Collectively, these studies were helpful in gaining an understanding of the role of eosinophils in asthma as they showed that the level of circulating eosinophils may serve as a biomarker not only for the presence of disease but also to indicate the degree of severity.

### How Did the Eosinophil's Biology Further Link This Cell Type to Asthma? {#s0175}

The eosinophil was named for the ability of eosin to stain its basic granules and thus impart the cell's well-recognized red color.[@bib128] These eosin-staining granules, however, were found to be more than a marker for this cell type. Eosinophil-derived granule products have been found to have multiple actions, some of which can produce pathological and physiological features associated with asthma, including injury to respiratory epithelium (desquamation) and AHR.

The eosinophil granules consist of four major cytotoxic cationic proteins: major basic protein (MBP), eosinophil peroxidase (EPO), eosinophil-derived neurotoxin (EDN) or nonsecretory ribonuclease, and eosinophil cationic protein (ECP).[@bib132] MBP accounts for 55% of the eosinophil granule content, is toxic to parasites, and has similar cytotoxic effects on the respiratory epithelial cells of both animals and humans ([Table 13.4.1](#t0070){ref-type="table"} ).[@bib133], [@bib134] *In vitro* studies have shown that the application of MBP to respiratory tissue, at concentrations consistent with values found in sputum and bronchoalveolar lavage (BAL) fluid of asthmatic patients (50--100 mg/mL), leads to almost complete erosion of tracheal epithelium and parallels the observed desquamation of respiratory epithelium in the bronchial mucosa of subjects with asthma. These effects of MBP suggest a potential mechanism by which eosinophils may contribute to airway injury, initiate repair (i.e., remodeling), and subsequently induce hyperresponsiveness.[@bib135] To extend these observations, Flavahan et al. incubated guinea pig tracheal rings with MBP and found bronchial smooth muscle tension to acetylcholine was significantly enhanced compared to tissues not exposed to eosinophils.[@bib136] In a dog model, the intraepithelial administration of MBP also increased the bronchoconstriction response.[@bib137] TABLE 13.4.1Eosinophil-Derived Inflammatory MediatorsCytotoxicityEpithelial DamageAirway Hyper-ResponsivenessBroncho-ConstrictionMucus Production, Vascular Leakage, VasodilationEosinophil-Attraction ActivationMast-Cell ProliferationGranule proteinsMBP+++ECP+++EDN+++EPO++Lipid mediatorsLeukotrienes C~4~, D~4~, E~4~++Prostaglandin E2, I2−+PAF+CytokinesIL-3++GM-CSF+IL-5+[^3]

ECP also causes cytotoxic effects on respiratory tract cells. By adding small amounts of ECP to the respiratory tract, Dahl et al.[@bib138] found damage and denudation of bronchial and tracheal epithelial cells, which paralleled observations in asthma. Elevated ECP values are found in BAL fluid of asthmatic subjects during the late-phase response (LPR) to an allergen challenge, as well as in lavage fluid of patients with chronic, persistent asthma.[@bib139] In guinea pig models, the application of increasing concentrations of EPO to tracheal mucosa caused epithelial cell exfoliation, ciliostasis, and bleb formation.[@bib140] Serum EDN levels are elevated in asthma and return to normal levels following treatment with prednisolone and the achievement of disease control.[@bib141] Finally, when compared to normal subjects, EDN concentrations in urine are greater in asthmatic children.[@bib142]

Eosinophils also produce other inflammatory products such as cysteinyl leukotrienes, platelet activating factor (PAF), reactive oxygen species (ROS), and substance P. In *in vitro* studies designed to assess eosinophil biology, PAF stimulated the release of granule products and led to superoxide anion generation.[@bib143] PAF was also chemotactic for the eosinophil, as reflected by the induction of an eosinophilic infiltrate of the airway after local or systemic delivery of PAF in guinea pigs.[@bib144], [@bib145] These early findings in animals suggested that the release of PAF by eosinophils could potentially create a self-perpetuating cycle to further the development of eosinophilic inflammation and hence airway injury. PAF also has direct proinflammatory properties. When administered to humans, PAF causes rapid bronchoconstriction, which can last up to 2 h.[@bib146] Similar to changes that follow an airway allergen challenge, PAF causes a prolonged increase in bronchial responsiveness.[@bib147] Although a role for PAF in human asthma has not been established, the biology of this eosinophil product is associated with airway changes reflective of asthma and also implies an important role for eosinophils in this process.

Eosinophils also generate the cysteinyl leukotrienes, LTC~4~ and LTD~4~, which can cause both an increase in vascular permeability and bronchoconstriction.[@bib148] LTC~4~ is secreted by eosinophils and is increased in asthmatic children.[@bib149] Activated eosinophils can also release substance P, a neuropeptide, to increase vascular permeability and promote plasma extravasation.[@bib150] Eosinophils, like other phagocytes, generate ROS, which are produced in greater concentrations in asthma.[@bib151] In asthma, ROS can cause mucus secretion, which leads to increased vascular permeability and airway obstruction. When damaged by ROS, respiratory epithelium produces fewer bronchodilatory substances, such as prostaglandin E2 (PGE2) and nitric oxide, with the net result of increased airflow obstruction[@bib152] ([Fig. 13.4.1](#f0025){ref-type="fig"} ).FIGURE 13.4.1Eosinophil activities.Activated T-helper type 2 (T~h~2) lymphocytes result in the generation of granulocyte macrophage colony stimulating factor (GM-CSF), interleukin-3 (IL-3), and IL-5. These cytokines have several proinflammatory properties, including activation, adhesion, chemotaxis, enhanced maturation, and prolonged survival. Antigen-induced stimulation of FCε receptor II also activates the eosinophil. IL-4, produced by T~h~2 cells and the eosinophil, upregulates the vascular cell adhesion molecule 1 (VCAM-1) adhesion molecule and promotes adherence and migration through the vascular endothelium. The activated eosinophil is capable of mediator release. Granule constituents eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN), eosinophil peroxidase (EPO), and major basic protein (MBP) are capable of epithelial damage. Leukotrienes and reactive oxygen species (ROS) are capable of causing inflammation, edema and mucus secretion. Platelet activating factor (PAF) and transforming growth factor β (TGF-β) cause bronchoconstriction and airway remodeling, respectively. O~2~−, peroxide; Fc~E~II, Fc component of IgE.

Eosinophils Generate Inflammatory Cytokines {#s0180}
-------------------------------------------

Although T cell-derived cytokines may be the major source of factors that influence eosinophil development and function, eosinophils themselves can also produce several cytokines to perpetuate their own inflammatory biology and that associated with asthma. Transforming growth factor β (TGF-β) is a profibrotic cytokine produced by eosinophils and found in increased concentrations in asthma.[@bib153] TGF-β stimulation of fibroblasts leads to a thickening of the reticular lamina of the airways, and thus provides a conceptual link between eosinophilic inflammation and structural remodeling of the airway in asthma.[@bib153] Eosinophils also produce several other mediators/cytokines, such as IL-13, matrix metalloproteinase-9 (MMP-9), tissue inhibitor of metalloproteinases 1 (TIMP-1; or metalloproteinase inhibitor 1), and vascular endothelial growth factor (VEGF), which have also been implicated in matrix remodeling in asthma.[@bib154]

IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, and IL-16 are all produced by eosinophils in varying concentrations. IL-1, initially observed in mice and later found in hypereosinophilic patients, is associated with HLA-DR expression and is thought to contribute to the eosinophil's function as an antigen-presenting cell.[@bib155] IL-3 and granulocyte macrophage colony stimulating factor (GM-CSF), are also produced by eosinophils, and can function in an autocrine fashion to prolong the cell's survival.[@bib156] IL-4, which upregulates vascular cell adhesion molecule (VCAM) receptors on endothelial cells and is a cofactor in immunoglobulin E (IgE) isotype switching, is produced by eosinophils from patients with atopic asthma.[@bib157] IL-5, which regulates terminal differentiation and survival of eosinophils, is found in eosinophils obtained from BAL fluid of asthmatic patients.[@bib158] IL-5 release also follows eosinophil stimulation by IgA, IgG, or IgE immune complexes.[@bib159]

What has been Learned from the Study of Sputum and Bal Eosinophilia? {#s0185}
--------------------------------------------------------------------

The presence of eosinophils in sputum has been a characteristic finding of asthma since the early 19th century.[@bib125] Bousquet et al. increased sputum and peripheral blood eosinophils in asthma patients.[@bib130] Sputum eosinophilia is also a feature of nonasthmatic eosinophilic bronchitis, a relatively nonspecific term. In contrast, sputum eosinophilia is not a feature of chronic obstructive pulmonary disease (COPD). In addition, previous studies have suggested a relationship between BAL fluid eosinophilia and the level of bronchial responsiveness.[@bib160] The concentrations of ECP and MBP in BAL fluid were also found to directly relate to the percentage of eosinophils, implying that eosinophils in asthmatic airways are activated and have undergone degranulation.[@bib161] To extend these observations, Uchida et al.[@bib127] evaluated the effect of MBP on airway responsiveness in an animal model. Within 1 h of direct instillation of MBP onto the trachea of rats, significant increases in airway responsiveness to methacholine occurred.

Finally, 22 subjects with asthma were identified, half of whom were treated with inhaled corticosteroids (ICS) and the other half given only bronchodilators, to be used as needed.[@bib162] ICS use led to a fall in serum and BAL ECP levels but, interestingly, the eosinophil count was unchanged in both the corticosteroid or bronchodilator treated groups. Collectively, eosinophil-derived products can have a significant influence on the function and pathohistology of the airway and mirror many features of asthma.

What has been Learned from the Study of Bronchial Mucosal Eosinophils? {#s0190}
----------------------------------------------------------------------

In the 1950s, a further relationship of asthma to eosinophils was supported by the finding of a marked infiltration of eosinophils in the lung tissue of patients who died suddenly of status asthmaticus.[@bib163] In cases of death from acute, severe asthma, eosinophilic infiltrates were found in the lung parenchyma, bronchial lumen, and entire thickness of the bronchial wall.[@bib164] Bronchial biopsies obtained by bronchoscopy from patients with mild disease also showed eosinophils as a prominent cellular infiltrate.[@bib165] In addition to the presence of eosinophils and their granule products in airways of asthmatic patients, the airway histology showed epithelial desquamation, impaired ciliary function, basement membrane thickening and mucous plugs.[@bib132], [@bib167] Expanding upon these findings, Ohashi et al.[@bib168] found the eosinophilic infiltration of mucosal tissue was associated with opening of tight junctions of bronchial epithelial cells. These histological analyses showed eosinophil infiltration of the airways was associated with epithelial damage and possibly linked to subsequent airway hyper-responsiveness.[@bib168]

What has been Learned About Eosinophil Involvement in Airway Inflammation from Inhaled Antigen Challenges? {#s0195}
----------------------------------------------------------------------------------------------------------

When subjects with allergic asthma inhale allergens to which they are sensitized, there is an immediate, or early, response, characterized by an acute fall in forced expiratory volume in one second (FEV~1~). Approximately 40% of subjects will go on to develop an LPR, which occurs 4--8 h after allergen exposure. In LPR, eosinophils are the prominent airway cellular infiltrate both in animal models and human subjects. To define the kinetics of eosinophil recruitment and eotaxin/C-C motif chemokine 11 (CCL11) generation, Humbles et al.[@bib169] found the chemokine eotaxin was increased 2--3 h postallergen challenge in sensitized guinea pigs. By 12--24 h postallergen challenge, there was a significant increase in eosinophil numbers in the BAL fluid, but no further rise in eotaxin. These findings in the guinea pig suggest that eosinophil recruitment to the airway following an inhalation of allergen is, in part, regulated by eotaxins. Findings of an early recruitment of eosinophils and the later development of a late-phase airflow obstruction to allergen suggested that these events reflect processes in asthma that could provide insight into how eosinophils may contribute to asthma.

Histopathological findings of the airway in LPR are also similar to events found in patients with chronic asthma and persistent airway obstruction. In guinea pigs sensitized to ovalbumin, 17 h after an inhalation challenge with ovalbumin the cellular composition in BAL fluid is predominantly neutrophils.[@bib170], [@bib171] By 72 h post antigen exposure, 50% of BAL cells are eosinophils. In addition, the subsequent eosinophilic infiltration of the peribronchial smooth muscle and epithelium persists for up to 7 days. Eosinophils in the BAL of immunized guinea pigs with an LPR were found to be activated, suggesting that these cells are primed during recruitment to the airway.[@bib172]

Similarly in humans, de Monchy et al.[@bib139] found significant eosinophilia only in patients who developed LPR to inhaled antigen. Moreover, the eosinophils in the BAL fluid had undergone degranulation, as evidenced by an elevated ECP:albumin ratio. There was also evidence that peripheral blood eosinophils and ECP concentrations are increased prior to antigen challenge in those subjects who eventually develop an LPR. Subsequently, Cockcroft et al.[@bib173] evaluated the LPR in a population of asthma patients who had been given a single dose of inhaled beclomethasone dipropionate, inhaled salbutamol or inhaled cromoglycate in a randomized, double-blind, placebo-controlled crossover trial. While beclomethasone had no effect on the allergen-induced early pulmonary obstructive response, there was a significant inhibition of the LPR at 7 h and 30 h later. Collectively, these data suggest that allergen provocation of allergic inflammation is likely to be regulated by eosinophils and can be controlled by corticosteroids, which block both the late-phase rise in recruited eosinophils and the subsequent reduction in lung function. Thus, a logical conclusion from work at this time was that a direct association between eosinophil recruitment and altered lung function existed in asthma, a finding substantiated by Kidney et al.[@bib174]

In 2000, Gauvreau et al.[@bib175] extended these observations when she evaluated the development of the LPR and recruitment of eosinophils in asthma patients who were initially treated with inhaled budesonide for 1 week and then underwent an inhaled allergen challenge. Budesonide administration reduced the intensity of the LPR and also inhibited eosinophil recruitment to the airway, reflected by sputum eosinophils and the parallel increase in peripheral blood eosinophils 24 h after challenge. From these data, it was assumed that allergic activation of the airway and the subsequent development of the LPR were caused by eosinophils recruited to the lung.

What has been Learned about the Eosinophil and Asthma from Segmental Antigen Challenges? {#s0200}
----------------------------------------------------------------------------------------

To extend observations from whole-lung allergen challenges, a number of groups developed the technique of using a bronchoscope to deliver antigen into single segments of the airway. To perform these studies, a bronchoscope is introduced into the lung and then wedged into an isolated airway segment, where a dose of allergen is introduced and a lavage performed immediately; the cells and lavage fluid obtained at this time represent events associated with the acute or early response. Bronchoscopy is repeated 24--48 h later, the challenged segment of the airway identified, and lavage performed: the airway events analyzed at this time model the LPR. This approach, while not allowing for measures of pulmonary function, provides a direct measure of cells, mediators, and retrieval of cells for *ex vivo* study to compare early- and late-phase allergic reactions.

When antigen is introduced to airway segments in allergic patients, there is a strong eosinophilic response 24--48 h postchallenge.[@bib176] The analysis of BAL is characterized by large concentrations of granule proteins, ECP, EDN, EPO, and MBP, as well as LTC~4~, suggesting that the recruited eosinophils are activated when they appear in the airway. Additionally, when eosinophils are retrieved from BAL fluid, they are phenotypically distinct from circulating cells and have greater superoxide anion release, collagen adherence and cell surface adherence receptors compared to peripheral blood eosinophils. These findings suggested that LPR-associated eosinophils, which are recruited to the lung during the late phase and are terminally differentiated, have a greater capacity to generate inflammation. BAL levels of IL-5 were also increased and correlated with the eosinophils, suggesting a key role for this cytokine in these processes. From these studies, a more expanded picture of the allergic inflammatory response was made, along with the identification of key mediators and evidence for an enhancement of the eosinophil's inflammatory potential.

Calhoun et al.[@bib177] used segmental antigen challenges in subjects with allergic rhinitis who had been inoculated with rhinovirus to further evaluate the interactions between viral upper respiratory infections and allergic reactions, and gain insight into mechanisms of asthma exacerbations. During an acute rhinovirus infection, BAL fluid obtained 48 h after antigen challenge contained increased numbers of eosinophils. In some subjects, the increase in eosinophils persisted for up to 1 month following the acute viral infection and initial antigen challenge. This augmented antigen-induced eosinophil recruitment was thought to be a possible mechanism for an intensified inflammatory airway response during viral infections and to account for greater asthma symptoms at that time. Alternatively, virus-induced epithelial damage, with a subsequent increase in mucosal permeability, was hypothesized to increase allergen contact with immune cells, thus creating a greater inflammatory response.[@bib178]

What has been Learned about Eosinophils in Asthma by Evaluating the Effects of Treatment with Corticosteroids? {#s0205}
--------------------------------------------------------------------------------------------------------------

The presence of eosinophils is regulated by apoptosis and modulated by cytokines, growth factors, and lipid mediators, which are released during allergic inflammation but suppressed by glucocorticoids.[@bib179] Consequently, the persistence of airway eosinophilia in some patients with asthma was attributed to cells that had developed resistance to corticosteroids.[@bib180] The reduction in airway eosinophils with corticosteroids and improved asthma control further supported a central role for eosinophils in asthma.[@bib126] Under both circumstances, either a reduction or persistence of eosinophils, and their correlation with symptoms of asthma, supported a direct link of eosinophils to the pathobiology of asthma.

In 1991, Evans et al.[@bib181] measured eosinophil numbers in 10 asthmatic subjects 14 days following the initiation of inhaled budesonide treatment. Airway responsiveness to methacholine was improved and was associated with a fall in peripheral eosinophils. These findings also suggested that eosinophil production, maturation, and differentiation may take place in the lung, as well as the bone marrow. As corticosteroid treatment reduced serum, sputum, and tissue eosinophils, and these reductions were associated with improved asthma symptoms, the eosinophil's place as a primary contributor to asthma appeared further substantiated. However, not all patients with asthma have eosinophilia, nor are all asthma patients responsive to corticosteroids. These observations, in the face of data already discussed, raised questions as to how essential the eosinophil is to all of the clinical features of asthma.

What has been Learned by Comparisons of Eosinophilic and Noneosinophilic Asthma? {#s0210}
--------------------------------------------------------------------------------

While many studies of asthma confirm the presence of elevated eosinophils, circulating and BAL fluid eosinophilia are not always present in asthma.[@bib163], [@bib182] Theories as to these differences included the possibility that eosinophils may be present only during an exacerbation and their absence may result from the actions of medication, particularly ICS.[@bib183], [@bib184] These observations also led to an emerging theory that at least two asthma phenotypes exist, based on the presence or absence of tissue eosinophils.[@bib172] Persistent eosinophilic inflammation, despite treatment, was found to be more common in adult onset asthma and less common in classic *allergic* asthma in patients receiving ICS.[@bib185] While up to 40% of cases of severe asthma appear to start later in life, the presence of eosinophils in patients with late-onset asthma is also more variable. Interestingly and importantly, patients with asthma and existing eosinophilia had greater airway remodeling and more exacerbations, despite treatment.[@bib186]

To begin to dissect and clarify these relationships, Woodruff et al.[@bib187] used a number of innovative approaches for study. Firstly, to determine the molecular basis for asthma heterogeneity and the involvement of eosinophils, the effect of an underlying T-helper type 2 (T~h~2)-mediated profile of inflammation was evaluated in a cohort of 42 patients with mild to moderate asthma and 28 healthy control subjects. The recruited subjects were stratified based on high or low expression of IL-13-inducible genes in samples of their airway epithelium. Using the response of their epithelium to stimulation with IL-13, investigators were able to classify the reaction as *Th-2-high* vs. *Th-2-low*. The T~h~2-high asthma group was indistinguishable from the T~h~2-low asthma group in relationship to demographics, lung function, and response to bronchodilators. However, the T~h~2-high group had significantly greater AHR, total IgE levels, and BAL and peripheral blood eosinophils. The presence of airway remodeling was also evaluated in this study population, and both the reticular basement membrane thickness and epithelial mucin stores were increased in subjects with a T~h~2-high profile. Following this classification, subjects were randomized and treated with either inhaled fluticasone or placebo to determine if there was a difference in clinical response to ICS based upon their T~h~2 profiles.

In the T~h~2-high group, ICS improved the FEV~1~, whereas no change occurred in the low T~h~2 group. This study further supported the concept of heterogeneity in the pathogenesis and pathophysiology of asthma that can be characterized by the presence of T~h~2-driven inflammation with eosinophilia and responsiveness to corticosteroids as markers of this profile. These findings also indicated that other phenotypes of asthma exist but their features were poorly understood.

What has been Learned about Asthma by Studying Interleukin-5? {#s0215}
-------------------------------------------------------------

T~h~2 cell-derived IL-5 has been identified as the major cytokine involved in terminal differentiation of eosinophils, activation of mature eosinophils, and prolongation of eosinophil cell survival ([Fig. 13.4.2](#f0030){ref-type="fig"} ).[@bib188] IL-5 enhances eosinophil degranulation, chemotaxis, antibody-dependent cytotoxicity, and adhesion to endothelium.[@bib189] Van Der Veen et al.[@bib190] identified 22 patients with mild to moderate, dust mite-sensitive allergic asthma and found a significant correlation between the magnitude of the LPR, the allergen-specific proliferative response of peripheral T lymphocytes, and an increase in IL-5 *in vivo* following inhaled antigen. Extending beyond observational studies of an elevation of IL-5 in relationship to LPR, inhaled IL-5 was found to cause, or significantly contribute to, AHR.[@bib191] Shi et al.[@bib192] also demonstrated that inhaled IL-5 in asthma acted as an eosinophil chemoattractant and activator of the recruited eosinophils to the airway. In a subsequent, blinded, placebo-controlled crossover study of eight patients with allergic bronchial asthma, Shi et al.[@bib192] found a significantly enhanced methacholine PC~20~ (the dose of the inhaled antagonist that provokes a 20% drop in FEV~1~) responsiveness 24 h and 48 h after an inhalation of IL-5, as well as a significant increase in sputum eosinophils and ECP. Using a mouse model with IL-5 knocked out, inhaled allergen did not lead to eosinophilia or an increase in AHR.[@bib193] IL-5 was also decreased during treatment with corticosteroids that improved asthma control.[@bib194] From these and other data, IL-5 emerged as the dominant cytokine regulating the eosinophil's involvement in allergic airway disease.FIGURE 13.4.2Interleukin-5.Interleukin-5 (IL-5) is a signaling molecule that stimulates eosinophil proliferation, maturation, and activation. An antigen-stimulated immune response in tissues leads to the secretion of IL-5 by cells such as eosinophils, mast cells, and T-helper type 2 (T~h~2) cells. IL-5 then acts on the bone marrow to mobilize existing eosinophils and induce further eosinophil production. These maturing eosinophils become responsive to eotaxin/ C-C motif chemokine 11 (CCL11), produced by the endothelium, allowing for their exit from the bone marrow to tissue. CCR3, C-C chemokine receptor type 3; IL-5R, interleukin-5 receptor.

What has been Learned About Eosinophils in Asthma from Treatment with Anti-Interleukin-5? {#s0220}
-----------------------------------------------------------------------------------------

The anti-IL-5 monoclonal antibody is an IgG antibody that binds with high affinity to free IL-5, thus preventing its binding to the IL-5 receptor on the surface of eosinophils and their progenitors. Van Oosterhouet et al.[@bib195] used ovalbumin to challenge sensitized guinea pigs and induce airway eosinophilia, neutrophilia, and tracheal hyperreactivity. When the sensitized guinea pigs were treated with anti-IL-5 and then challenged with ovalbumin, airway eosinophilia, not neutrophil recruitment, was suppressed as well as the allergen challenge-induced increase in AHR. When sensitized guinea pigs were treated with the anti-IL-5 monoclonal antibody by Akutsu et al.,[@bib196] there was a decrease in AHR, tracheal wall eosinophil infiltration, and the LPR. Animal studies in which anti-IL-5 decreased airway eosinophilia, AHR to allergen, and LPR provided further support for the hypothesis that eosinophils are central to many important aspects of the pathogenesis of asthma, and suggested that if eosinophil migration to the airway could be inhibited, signs and symptoms of asthma could be controlled or prevented.

What has been Learned about Eosinophil Involvement in Asthma with Anti-Interleukin-5 Treatment? {#s0225}
-----------------------------------------------------------------------------------------------

In 2000, Leckie et al.[@bib197] conducted a randomized, double-blind, placebo-controlled trial in which a single infusion of either of two doses of anti-IL-5 humanized monoclonal antibody or placebo was administered to 24 men with mild allergic asthma. The study goal was to evaluate the effect of anti-IL-5 on the LPR to inhaled antigen, on the premise that this treatment would ablate eosinophil recruitment and hence the airway responses to allergen, including the development of the LPR and an associated increase in AHR. The investigators found anti-IL-5 to decrease blood and sputum eosinophils following inhaled allergen challenge. Surprisingly, anti-IL-5 treatment had no effect on either the LPR or postallergen increase in airway responsiveness to histamine. Thus, in striking contrast to animal studies, there was no significant effect of anti-IL-5 on the development of an LPR, despite the absence of eosinophils in the blood or the airways following antigen exposure. This study, though conducted in a small numbers of patients, prompted a total reevaluation of the eosinophil's role in asthma, including whether it had one at all.

Extending this study, Flood-Page et al.[@bib198] evaluated anti-IL-5 monoclonal antibody treatment in asthma patients by examining its multidose effect on blood and sputum, as well as bone marrow and airway tissue eosinophils. In a randomized, double-blind, placebo-controlled study, 24 patients with mild asthma received three intravenous doses of mepolizumab (i.e., IL-5 monoclonal antibody) or placebo for 20 weeks. Within 4 weeks of the first anti-IL-5 dose, there was a significant decrease in peripheral blood eosinophils. At weeks 4 and 10 of the study, there was nearly a 100% reduction of eosinophils in blood and sputum samples following anti-IL-5 treatment. In contrast, eosinophils were reduced by only 52% in bone marrow aspirates. Similarly, bronchial mucosa eosinophils were reduced by 55% from baseline. Despite this reduction of intact eosinophils, staining of the bronchial biopsy for intracellular MBP was unchanged by mepolizumab. Despite these reductions in eosinophils, there was no change in AHR, exacerbations, FEV~1~ values, peak flow measurements, or symptoms between the anti-IL-5 and placebo-treated groups.

While a reduction in blood and BAL fluid/sputum eosinophils occurred with anti-IL-5, there was only a 50% reduction in bone marrow and bronchial eosinophils.[@bib198] This finding confirmed that, despite anti-IL-5 therapy, residual airway eosinophils persisted and the total amount of MBP present in airway tissues was unchanged. From these observations, it was also hypothesized that the residual eosinophil population in the airway continued to exist and release, or retain, granule proteins, despite anti-IL-5 treatment. Furthermore, it was proposed that these persistent effects may be responsible for the lack of improved asthma control, FEV~1~, and AHR.

These findings with anti-IL-5 contrasted sharply with effects noted with oral corticosteroids, which caused an 80% decrease of bronchial mucosal eosinophilia and led to significant clinical improvements of asthma symptoms.[@bib199] Given the possibility that, despite anti-IL-5 treatment, residual airway eosinophils may be sufficient to continue to exert their influence on clinical outcomes, including lung function and symptoms, the eosinophil should not have been excluded as a target for asthma therapy, although the outcome may not be symptoms or airflow obstruction.[@bib198]

What is the Role of Eosinophils in Exacerbations of Asthma? {#s0230}
-----------------------------------------------------------

In 2008, Rothenberg et al.[@bib200] reported the results of a randomized, double-blind, placebo-controlled trial of anti-IL-5 in 85 prednisone-dependent (20--60 mg/d) patients with hypereosinophilic syndrome. In addition to a significant lowering of peripheral blood eosinophilia, 84% of the mepolizumab-treated subjects were able to reduce their oral prednisone dose to ≤10 mg/d compared to only 43% in the placebo group. In addition, mepolizumab significantly reduced the likelihood of an exacerbation of their hypereosinophilic disease. While the effect of therapy on hypereosinophilic syndrome patients may not be extrapolated to asthma, this study did show that mepolizumab has the ability to decrease eosinophils, the prednisone requirement to maintain disease control, and exacerbations from the hypereosinophilic syndrome.

Expanding on this theme, Green et al.[@bib126] examined a strategy designed to determine the effects of treatment directed toward reducing sputum eosinophil counts rather than administering a dose of ICS based on symptoms alone, i.e., a guidelines approach. Seventy-four patients with moderate to severe asthma were identified and randomly assigned to either a management strategy based upon British Thoracic Society guidelines or one using a dose of ICS that reduced sputum eosinophils to \<3%. The sputum management strategy group had an average eosinophil count that was 63% lower than that of the guideline-managed group during the study. As an apparent consequence of this reduction in eosinophils, patients in the sputum management group had significantly fewer asthma exacerbations and were admitted less frequently to the hospital for asthma ([Fig. 13.4.3](#f0035){ref-type="fig"} ). However, total asthma quality of life scores, mean peak flow measurements, postbronchodilator FEV~1~, and the use of rescue bronchodilators were not different in the two management groups.[@bib126] While this study did not show a relationship between sputum eosinophils and variable airflow obstruction and other parameters, such as daily symptoms, it did support the notion that eosinophils play a central role in asthma by either serving as a marker for exacerbation risks or being possibly linked to an increased susceptibility for exacerbations.FIGURE 13.4.3Cumulative asthma exacerbations in the British Thoracic Society (BTS) guideline management group and the sputum management group.(Reproduced with permission from Green et al.[@bib126])

It can be argued that previous studies of anti-IL-5 had examined patients with only mild asthma and with outcome measures that were not specifically related to ongoing eosinophilic inflammation. To extend upon this hypothesis, Haldar et al.[@bib201] and Nair et al.[@bib202] published results of studies designed to evaluate mepolizumab treatment in patients with severe asthma, persistent eosinophilia in sputum, and frequent exacerbations. In an approach similar to that of Green et al.,[@bib126] Haldar et al.[@bib201] evaluated the effect of a reduction in sputum eosinophils with anti-IL-5. In this randomized, double-blind, placebo-controlled trial, 61 patients were enrolled with asthma and sputum eosinophilia that was refractory to treatment and a history of recurrent exacerbations. Patients were given anti-IL-5 monoclonal antibody or placebo monthly for 1 year. The mepolizumab group had 57 exacerbations requiring prednisone (a mean of 2.0 exacerbations per year per subject) compared to 109 exacerbations (3.4 exacerbations per subject per year) in the placebo group ([Fig. 13.4.4](#f0040){ref-type="fig"} ).FIGURE 13.4.4The cumulative number of severe exacerbations that occurred in each study group over the course of 50 weeks. The mean number of exacerbations per subject over the course of the 50-week treatment period was 2.0 in the mepolizumab group, compared with 3.4 in the placebo group (relative risk, 0.57; 95% confidence interval, 0.32 to 0.92; *p* = 0.02).(Reproduced with permission from Haldar P, et al.[@bib201])

The mepolizumab treatment group also had a greater improvement in scores of the Asthma Quality of Life Questionnaire, with a mean improvement of 0.55 compared to 0.19 in the placebo group.[@bib201] Similar to findings of Flood-Page et al.,[@bib154], [@bib198] the anti-IL-5 treatment group had significantly lower eosinophil counts in BAL, blood, and bronchial wash, but less of a decrease in bronchial mucosa eosinophils. As noted in previous studies,[@bib198] there were no significant changes from baseline in AHR, bronchodilator use, or FEV~1~ in the mepolizumab group. Interestingly, when prednisolone was given after the mepolizumab treatment, there was an improvement in exhaled nitric oxide or lung function, suggesting these symptoms and pathways may be dissociated from eosinophilic inflammation, and are possibly mediated through other mechanisms.

What Effects do Eosinophils have on Airway Remodeling? {#s0235}
------------------------------------------------------

Reticular basement membrane thickening in asthma is associated with the presence of bronchial mucosal eosinophils. Using allergen-sensitized mice, Humbles et al.[@bib203] found eosinophil-deficient mice were protected from the development of peribronchiolar collagen deposition and increased airway smooth muscle mass following allergen challenge. However, increases in AHR and mucus secretion occurred in the eosinophilic deficient mice, just like wild-type mice. The authors concluded that eosinophils contribute substantially to airway remodeling, but are not obligatory for allergen-induced lung dysfunction.[@bib203]

As noted earlier by Flood-Page et al.,[@bib198] residual bronchial wall eosinophils persists despite treatment with anti-IL-5, even when blood and sputum eosinophils are nearly eliminated. In addition, anti-IL-5 has little effect on the MBP found in the airways, airflow obstruction, and AHR. These observations raise the possibility that bronchial mucosal eosinophils are a *privileged cell* or are in a *privileged location* when lodged in tissues, and their levels are not responsive to previously used methods of eosinophil depletion. Furthermore, these findings suggest that another important contribution of eosinophils to the pathophysiology of asthma is airway remodeling, which is supported by other studies.

In a 2-year study, Sont et al.[@bib204] evaluated an asthma treatment strategy aimed at reducing AHR compared to treatment that followed international guidelines and was based primarily on symptom and lung function assessments. In this randomized, prospective, parallel trial of 75 adults with mild to moderate asthma, 41 patients were placed in the reference strategy group, with a treatment based on current guidelines, while 34 patients were placed in the AHR group with a treatment strategy based on guidelines as well as a reduction in AHR. In addition to measuring bronchodilator use, FEV~1~, peak expiratory flow (PEF) and symptoms, AHR was also quantified following methacholine challenges. Patients in the AHR strategy group received higher doses of ICS to reduce AHR. This use of higher doses of ICS and reduction in AHR was associated with a lower incidence of exacerbations and a greater improvement in lung function.

Of the 75 patients in the study,[@bib204] 55 also underwent bronchial biopsies before and after their individual treatment approaches. In AHR strategy group subjects, who received an additional 400 μg/d of ICS, there was a significantly greater decrease in subepithelial reticular layer airway thickness and bronchial mucosa eosinophils compared to the reference group ([Fig. 13.4.5](#f0045){ref-type="fig"} ). The study also showed that the decrease in mucosal eosinophils related to an accompanying improvement in AHR. When the investigators evaluated the relationship between improvements in AHR and changes in the histology of the airway biopsies, they found a correlation with the reduction in tissue eosinophils ([Fig. 13.4.6](#f0050){ref-type="fig"} ). These findings further support for a role of eosinophils in airway remodeling.FIGURE 13.4.5Individual changes in reticular layer thickness beneath the epithelium in bronchial biopsy specimens before and after treatment for 2 years according to the reference and AHR strategies. Bars indicate mean values at the visits for both strategies. There is a significant decrease in reticular layer thickness within the AHR strategy group, which is significantly greater than in the reference strategy group.(Reproduced with permission from Sont JK, et al.[@bib204])FIGURE 13.4.6Relationship between changes in EG2^+^ eosinophils and changes in methacholine PC~20~ (the dose of the inhaled antagonist that provokes a 20% drop in FEV~1~, the forced expiratory volume in one second) during 2 years of treatment according to the reference and airway hyperresponsiveness (AHR) strategies. The greater the decrease in number of EG2^+^ eosinophils, the greater the improvement in AHR to inhaled methacholine. EG2, antibody marker for activated esinophils.(Reproduced with permission from Sont JK, et al.[@bib204])

The Haldar et al.[@bib201] study also evaluated the effects of anti-IL-5 on features of airway remodeling. Airway wall thickness and airway wall area were evaluated by chest x-ray computed tomography (CT). Changes in these assessments of airway structure were made following a year of treatment in both the mepolizumab and placebo groups. The investigators found a significant reduction in airway wall thickness and total wall area (TA and WA) in the mepolizumab-treated group ([Fig. 13.4.7](#f0055){ref-type="fig"} ).FIGURE 13.4.7Mean change in CT measured wall area (WA) and total area (TA), corrected for body surface area (BSA) after 12 months of therapy with mepolizumab or placebo. Horizontal bars represent mean change from baseline and error bars +/−SEM.(Reproduced with permission from Haldar P, et al.[@bib201])

Flood-Page et al.[@bib154] also hypothesized that a reduction in bronchial wall eosinophils with anti-IL-5 would reduce markers of airway remodeling. Twenty-four mild atopic asthma patients received three monthly infusions of mepolizumab and had bronchial biopsies taken before and after each infusion. In an attempt to determine if bronchial mucosa eosinophilic inflammation was associated with an increased deposition of extracellular matrix (ECM) proteins, researchers found a positive correlation between the thickness, density and expression of the ECM protein tenascin, and bronchial mucosal eosinophil numbers. As noted previously, mepolizumab caused a significant, though incomplete elimination of bronchial mucosal eosinophils. Associated with these changes in eosinophils was a decrease in the thickness and density of tenascin, as well as density of the ECM proteins lumican and procollagen III, in the reticular basement membrane. In addition, there was a decrease in expression of both tenascin and lumican. BAL fluid in the mepolizumab-treated group also had a significant decrease in TGF-β. Not only did this study confirm that the expression of ECM proteins is greater in asthma, it also showed that a reduction in eosinophil numbers is associated with a decrease in ECM protein deposition in the airway.

Thus, the above studies provide convincing evidence for a relationship between the presence of eosinophils and features of airway remodeling. Firstly, an increased ICS dose leads to a decrease in bronchial mucosal eosinophils and airway thickness, as well as a reduction in bronchial hyperresponsiveness.[@bib204] Anti-IL-5 studies built on such observations by showing that a decrease in bronchial mucosal eosinophils is associated with a reduction in airway thickness, as assessed by CT scans of the chest.[@bib201] Finally, evidence for a decrease in TGF-β and ECM proteins following the use of anti-IL-5 provides further support of the link between bronchial mucosa eosinophilic inflammation and airway remodeling in asthma.[@bib154]

Conclusion {#s0240}
----------

Since the discovery of the eosinophil in the late 1800s, this cell has been considered to be a characteristic feature and possibly an essential and etiological component of the pathophysiology of asthma. These assumptions were supported by demonstrating tissue eosinophilia in postmortem analyses of the lungs of patients who died in status asthmaticus, as well as by finding parallel relationships between blood eosinophilia and asthma severity. The belief in the central role of eosinophil in asthma was further strengthened by animal models that convincingly found anti-IL-5 strategies to reduce AHR, blood and lung eosinophils, and the LPR to inhaled antigen. These studies identified eosinophils as a central contributor to asthma. Surprisingly, when anti-IL-5 was evaluated in patients with asthma, airway and peripheral eosinophils dramatically diminished, but there were no significant improvements in daily symptoms of asthma or airflow obstruction. What has emerged in the wake of anti-IL-5 studies is perhaps a more informed opinion on two major roles for eosinophils in asthma: as effector cells of airway remodeling and exacerbations.

Chapter 13.5. Eosinophil-Targeted Treatment of Asthma {#sc5}
=====================================================

Nair

Parameswaran

Bronchitis is a central component of airway diseases. However, this is not measured in routine clinical practice. Quantitative cell counts in sputum is currently the most reliable and comprehensive noninvasive assessment of cellular inflammation, and particularly of eosinophilic inflammation, in the airways. Treatment strategies that decrease eosinophil numbers in sputum, whether nonspecific using corticosteroids or specific using anti-interleukin-5 (anti-IL-5) monoclonal antibodies, decrease asthma exacerbations, improve asthma control and lung function, and improve quality of life for patients. Studies using anti-IL5 strategies have confirmed the importance of identifying an eosinophilic phenotype of asthma, the role of eosinophils in asthma pathophysiology, and the activity of luminal eosinophils in disease severity. There is an urgent need to translate these principles into clinical practice and to incorporate the use of sputum cell counts in the management of severe obstructive airway diseases.

Introduction {#s0245}
------------

The role of the eosinophils as key players in the pathophysiology of asthma has been debated, despite evidence that the cells are present and activated in the airway lumen and tissue[@bib205] of patients with current asthma; are increased in number when asthma is uncontrolled[@bib206] or severe[@bib207] and decreased when asthma is controlled[@bib208]; and treatment strategies that aim to control airway eosinophilia are significantly more effective and less expensive in improving asthma control[@bib209], [@bib210] and decreasing asthma exacerbations compared to guideline-based clinical strategies.

Cynicism was fueled by observations that in murine models of allergic sensitization, airway hyperresponsiveness could be induced without eosinophils.[@bib211] Skepticism grew stronger when therapy using monoclonal antibodies against interleukin-5 (IL-5), which has no known clinically relevant biologic activity other than targeting eosinophils, failed to demonstrate improvement in asthma outcomes despite decreasing airway and blood eosinophil numbers.[@bib212] The molecule did not reduce allergen-induced airway constriction or hyperresponsiveness, airflow limitation, exacerbations, or symptoms. The likely explanations for this apparent paradox are inappropriate methodology, inadequate sample size,[@bib213] or an inadequate reduction in bronchial mucosal eosinophil numbers.[@bib214]

This subchapter will describe the clinical studies that demonstrated an improvement in asthma control using treatment strategies that aimed to normalize sputum eosinophil count using corticosteroids; to evaluate critically the clinical trials that failed to demonstrate an improvement in asthma using monoclonal antibodies directed against IL-5; and to present evidence from a prospective audit of clinical outcomes of patients managed by normalizing sputum cell counts.

Eosinophil-Based Treatment Strategies Using Corticosteroids {#s0250}
-----------------------------------------------------------

Airway eosinophilia can be reliably and relatively noninvasively assessed in sputum.[@bib215] In clinical practice, approximately 30% of patients with asthma attending a tertiary clinic have eosinophilic bronchitis.[@bib216] More severe asthma and more severe airflow limitation are associated with more intense sputum eosinophilia.[@bib217] Two studies in adults and one study in children have evaluated the outcomes of titrating anti-inflammatory treatment with the intention of normalizing eosinophils in sputum. The first single center, 1-year trial that examined the effect of treating asthma to reduce eosinophils to 2% resulted in a significant reduction of severe exacerbations compared with a control group treated without sputum eosinophil counts.[@bib209] The large number of exacerbations and their severity was probably a result of the policy at the time to reduce corticosteroid use further if control was maintained for 2 months. The second trial[@bib210] was a multicenter trial conducted over 2 years, and differed in that the minimum dose of corticosteroid to maintain sputum eosinophils at 3% was determined first and then maintained for the duration of the study. Exacerbations were few and mild compared with the first study and were reduced by about 50% compared with the group treated with the same best-guideline approach to treatment without sputum cell counts. The active treatment reduced eosinophilic exacerbations but had no effect on neutrophilic exacerbations, which were regarded to be probably of viral cause. The benefits in both studies were achieved without any increase in corticosteroid dose over that required by the control group. In contrast, a similar study in children showed a nonstatistically significant effect on reducing exacerbations using a sputum strategy that aimed to keep eosinophil levels to below 2.5%.[@bib218] The modest benefit was most likely due to the inadequate control of eosinophils in the treatment arm that was probably related to the inadequate dose of inhaled corticosteroids allowed in the study. The effectiveness of using sputum eosinophils as a marker to decrease exacerbations in adults and children with moderate to severe asthma was recently confirmed in a systematic review and meta-analysis.[@bib219] A critical review of the recently published clinical trial literature reveals that the reduction in exacerbation reported in all the most recent large clinical trials for either asthma or chronic obstructive pulmonary disease (COPD) for any new medication compared to placebo is significantly less than those reported for strategies employing the judicious use of currently available medications guided by cell counts in sputum ([Table 13.5.1](#t0025){ref-type="table"} ). In addition to a significant reduction of exacerbations at a reduced cost,[@bib220] the adverse consequences of new therapies and suboptimal treatment may also be avoided.TABLE 13.5.1Relative Risk Reduction of Exacerbations for Various Interventions for Asthma and for Chronic Obstructive Pulmonary DiseaseAsthmaCOPDInterventionRRRInterventionRRRICS + LABA\
(AJRCCM 2004;170:836--44)10--15%ICS + LABA\
(NEJM 2007;356:775--89)25%Tiotropium\
(NEJM 2010;363:1715--26)\~5%Tiotropium\
(NEJM 2008;359:1543--54)14%Omalizumab\
(Ann Intern Med 2011;154:573--82)25%Tiotropium + ICS/LABA\
(NEJM 2011;364:1093--1103)27%ICS + Montelukast\
(BMJ 2003;327:891--7)\~1%Roflumilast\
(Lancet 2009;374:695--703)16--21%Thermoplasty\
(AJRCCM 2010;181:116--24)22%Community-based multi-disciplinary programs\
(Thorax 2010;65:7--13)∼Sputum strategy\
(ERJ 2006;27:483--94)49%Sputum strategy\
(ERJ 2007;29:906--13)62%[^4]

Anti-Interleukin-5 Clinical Trials {#s0255}
----------------------------------

The beneficial effects of corticosteroids are not limited to decreasing eosinophil numbers in the airways.[@bib221] They can also reduce the numbers of other cells, such as lymphocytes and mast cells, and decrease some markers of remodeling. Thus, it is not possible to conclude definitively the pathobiological role of eosinophils in asthma from those studies. Definitive proof would be obtained by reducing eosinophil numbers in the airway using treatments that directly target the eosinophils. Recently, the availability of monoclonal antibodies directed against IL-5 has provided us with the opportunity to examine this question. In two recently published randomized controlled trials (RCTs) on the effect of mepolizumab[@bib222], [@bib223] and a clinical trial on the effect of reslizumab,[@bib224] these drugs reduced sputum eosinophils numbers to almost zero. This reduction was associated with a reduction of exacerbations compared with the placebo group in the first mepolizumab study[@bib222] and a prednisone-sparing effect and improvement in clinical outcomes in a small sample number in the second.[@bib223] In the larger reslizumab clinical trial,[@bib224] the reduction in sputum eosinophils was associated with an improvement in the forced expiratory volume in one second (FEV~1~) and in asthma controls over a 5-month period in patients with moderate to severe asthma. The results of these three studies contrasted with the negative results of five other trials, in which the effect of the antieosinophil drug was not examined in patients with asthma and current sputum eosinophilia. In two of the five studies that measured sputum eosinophils and in the three RCTs, the greater the certainty that an increase in eosinophils was persistent, the greater the success of the treatment ([Table 13.5.2](#t0030){ref-type="table"} ).TABLE 13.5.2Response to Anti-Interleukin-5 and the Eosinophil PhenotypeStudyInterventionSputum Eosinophils at Study EntrySuccessFlood-Page et al. (AJRCCM 2007; 176: 1062--71)Mepolizumab5% of patients had \>3% eosinophilsXKips et al. (AJRCCM 2003; 167: 1655--9)Reslizumab\~30% of patients had \>3% eosinophilsXHaldar et al. (NEJM 2009; 360: 973--84)Mepolizumaball had \>3% on one occasion in 2 years√Castro et al. (AJRCCM 2011; Aug 18 epub)Reslizumaball had \>3% at randomization√√Nair et al. (NEJM 2009; 360: 985--93)MepolizumabAll had \>3% on ≥3 occasions√√√

Observational Study of Normalizing Sputum Eosinophils {#s0260}
-----------------------------------------------------

Clinical outcomes are significantly improved when patients who require daily prednisone are monitored using sputum cell counts. Sixty-three patients with asthma (36 men; mean age, 52 years; mean BMI, 29.1) were followed for a median period of 7 years (range, 0.25--26 year).[@bib225] Thirty-seven patients had associated chronic airflow limitation (postbronchodilator FEV~1~/vital capacity \<70%). Twenty had never smoked. Forty-two percent were nonatopic. Significant comorbidities included gastroesophageal reflux disease (70%), nasal polyps and sinusitis (65%), and sensitivity to nonsteroidal anti-inflammatory drugs (28%). Ethmoid and sphenoid sinusitis were the most important predictors of persistent airway eosinophilia.[@bib226] At the time of their initial assessment, the majority of the patients were not on daily prednisone (median daily dose, 0 mg; sputum eosinophils: mean, 18.8%; median, 5.3%; minimum, 0%; maximum, 84%). Monitoring with the aim of keeping sputum eosinophils at \<2% resulted in higher doses of corticosteroids (median daily dose of prednisone was 10 mg and for inhaled corticosteroids was 1000 μg of fluticasone equivalent), and this was associated with predictable significant adverse effects. Over the period of follow-up, despite decreasing the eosinophilic exacerbations to 0.2 years/patient, there were 22 noneosinophilic neutrophilic exacerbations. Overall, there was no significant loss of lung function over the period of follow-up (mean decrease in FEV~1~, 35 mL/year).

Other Antieosinophil Treatment Strategies {#s0265}
-----------------------------------------

Corticosteroids are very effective in reducing eosinophil numbers and activation in the airways of most patients with asthma. Therefore novel treatment strategies such as anti-IL5 should probably be reserved for patients who require high doses of inhaled or regular ingested corticosteroids to control their airway eosinophilia and asthma. Although a larger number of antisense molecules, monoclonal antibodies, and small molecules are currently being evaluated to target a number of relevant cytokines or chemoattractants involved in eosinophil recruitment into the airway, such as eotaxin/ C-C motif chemokine 11 (CCL11), IL-4, and IL-13,[@bib227] none of them have yet been demonstrated to be effective in suppressing an airway eosinophilia that persists despite being treated with prednisone. These are currently being investigated.

Conclusions {#s0270}
-----------

These studies illustrate a number of important principles. Firstly, they confirm that eosinophils are important in the pathophysiology of asthma. Second, since the nature of airway inflammation can change over time in the same patient,[@bib228] antieosinophil treatment will be effective only when eosinophils are present in the airway. Third, luminal eosinophils represent biologically active cells. Fourth, clinical trials with small numbers of carefully characterized patients can demonstrate biologically relevant mechanisms, whereas large studies have not. Fifth, monitoring of exhaled nitric oxide is not effective in directing antieosinophil therapy in patients with severe asthma and airway eosinophilia.[@bib229] Finally, since sputum cell count-based treatment strategies are more effective than any other currently available medications for the treatment of asthma or COPD, we are doing our patients with severe asthma and COPD a disservice by delaying the introduction of sputum cell counts in clinical practice.
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Chapter 13.6. Eosinophils and Hemopoietic Processes in Allergic Asthma {#sc6}
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Eosinophilia is a hallmark of a number of allergic disorders, including asthma. Activation of selective hemopoietic processes is associated with the onset and maintenance of allergic inflammation in atopic adults.

Following allergen exposure in the airways, the subsequent appearance of eosinophils in the circulation involves processes in the bone marrow leading to efflux of both mature and immature eosinophil populations into the circulation, with differentiation and proliferation of eosinophil lineage-committed hemopoietic progenitors occurring at tissue sites. The accumulation of eosinophils within the airway tissue occurs as a response to locally generated signals that induce a number of events, including further initiation of production of eosinophils in the bone marrow, continued migration of eosinophils and their progenitors, and increased survival and effector functions of these cells. This subchapter will summarize mechanisms leading to the accumulation of eosinophils and their progenitors in the airways in allergic asthma, and review therapies that target these cells and hemopoietic processes, as measures designed to control allergen-induced eosinophilic airway inflammation.

Eosinophils in Asthma: An Overview {#s0280}
----------------------------------

Eosinophils, a prominent feature of asthma, are found in increased numbers in the circulation and airways in relation to the severity of asthma.[@bib230], [@bib231] Inhaled allergen challenge in asthmatic subjects results in the appearance and accumulation of mature and immature eosinophils in the bone marrow, blood,[@bib232] and airways.[@bib233], [@bib234], [@bib235] The kinetics of eosinophilia are compartment-specific ([Fig. 13.6.1](#f0060){ref-type="fig"} ),[@bib233], [@bib236], [@bib237] and the number of eosinophils correlates with the severity of the late asthmatic reaction.[@bib238] This will be covered in detail elsewhere in this book.FIGURE 13.6.1Kinetics of allergen-induced eosinophilia in airways, blood, and bone marrow.A rapid increase in airway eosinophils postallergen is mirrored by a decrease in mature eosinophils from the bone marrow and blood as these cells migrate to the airways, and an increase in eosinophil progenitors to replace the mature cells.[@bib233], [@bib236], [@bib237] Eo/B CFU, eosinophil/basophil colony-forming units.

Eosinophils are terminally differentiated myeloid leukocytes that migrate to tissues as effector cells in a number of inflammatory processes, including allergic diseases and helminth infections.[@bib239] The migration and accumulation of eosinophils is highly regulated via signaling of cytokines and chemokines through cell-surface receptors, and by induction of adhesion molecule expression.[@bib240] Since allergic asthma is primarily a T-helper type 2 (T~h~2)-mediated disease, it is not surprising that cytokines driving eosinophilia are T~h~2 cell products: specifically, granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-3 (IL-3), and interleukin-5 (IL-5), which signal through specific high-affinity cell-surface receptors linked to a common β-chain---all of which can act as eosinophil growth factors that promote formation of eosinophil/basophil (Eo/B) colony-forming units (CFU) in functional assays.[@bib241] The common β-chain is especially important for Eo/B proliferation, production of cytokines from eosinophils, and eosinophil migration to effector sites.[@bib242] Of the three Eo/B differentiation-inducing cytokines, IL-5 is necessary for mobilization of eosinophil progenitors from the bone marrow and their terminal differentiation.[@bib243] Other T~h~2 cytokines, such as IL-4 and IL-13, are known to regulate transmigration of eosinophils from the vascular bed into the tissue compartments by augmenting expression of adhesion molecules on the endothelium[@bib244] and inducing expression of potent eosinophil chemokines, such as eotaxin/C-C motif chemokine 11 (CCL11) and RANTES/CCL5 in the airways.[@bib245], [@bib246] IL-9 has also been shown to play a supportive role in both mast cell and Eo/B differentiation.[@bib247], [@bib248] Once in the inflamed tissue, eosinophils contribute to the manifestation of symptoms through release of granule proteins and proinflammatory mediators.[@bib239]

Hemopoietic Activity in Allergic Asthma {#s0285}
---------------------------------------

Hemopoietic progenitors, which are found in the circulation under steady-state and disease conditions, exist in the bone marrow at various stages of lineage commitment; in the latter compartment, these progenitors can be allowed or selected to differentiate in specific directions in response to various ambient stimuli, such as hemopoietic cytokines engaging specific cell-surface receptors. This hemopoietic activity occurs in the bone marrow proper under the influence of stromal cells and microvascular endothelial cells, and in tissues, also in response to epithelial cells. Each of these resident cell populations can respond to inflammatory stimuli by increasing transcription and translation of hemopoietic growth factors and/or cytokines. The bone marrow environment itself, as well as primed tissues, can each support and accelerate production of eosinophils for either release into the circulation or amplification of tissue eosinophilic inflammation, respectively.[@bib249], [@bib250] The process of tissue amplification of eosinophilic inflammation through progenitor differentiation at the site has been termed *in situ hemopoiesis* ([Figure 13.6.2](#f0065){ref-type="fig"} ).[@bib251], [@bib252] FIGURE 13.6.2TSLP effects on progenitors: a new vista on *in situ* hemopoiesis.Thymic stromal lymphopoietin (TSLP) can induce T~h~2 cytokines within cord blood CD34^+^ progenitors, effectively enhancing inflammatory effector function of these progenitors, as well as providing lineage differentiating stimuli (via IL-5 acting on CD34^+^ CD45^+^ IL-5RA^hi+^ cells in an autocrine fashion) for tissue-resident (bronchial or nasal mucosal) CD34^+^ cells. GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-3, interleukin-3; IL-5, interleukin-5; IL-33, interleukin-33; SCF, stem cell factor.(Delespesse and Allakhverdi, personal communication.)

CD34-Positive Eosinophil/Basophil Progenitors in Allergic Asthma {#s0290}
----------------------------------------------------------------

Hemopoietic progenitors express the cell stage-specific antigen, CD34, which is present at the highest levels on early hemopoietic myeloid progenitors and is progressively lost on terminally differentiating cells.[@bib253] These CD34^+^ hemopoietic progenitors contribute to the ongoing recruitment of eosinophils and basophils to sites of allergen challenge in allergic diseases, including asthma.[@bib254] Indeed, the number of CD34^+^ cells, as well as both mature and immature eosinophil cell numbers, are higher in blood and bone marrow of atopic subjects compared with nonatopic controls;[@bib255], [@bib256] mild asthmatic subjects have fewer circulating CD34^+^ cells than severe asthmatic subjects,[@bib257] and CD34^+^ cell numbers have been shown to correlate with the level of airflow obstruction.[@bib257]

### Interleukin-5 Receptor Subunit Alpha {#s0295}

After airway allergen inhalation challenge in atopic asthmatic subjects, CD34^+^ cells from bone marrow synthesize mRNA and protein for membrane-bound IL-5 receptor subunit α (IL-5RA),[@bib258] permitting them to further respond to the eosinophilopoietic cytokine, IL-5. Progenitor cells from the bone marrow of atopic subjects show increased responsiveness to IL-5,[@bib255] probably due to increased levels of bone marrow CD34^+^IL-5RA^+^ cells, a unique feature of atopic disease.[@bib259] The phenotype of bone marrow CD34^+^ cells from mild asthmatic subjects has been carefully examined by flow cytometry, demonstrating a higher proportion of CD34^+^ IL-5RA^+^ after allergen challenge in those subjects who developed airway eosinophilia and increased methacholine airway responsiveness.[@bib258], [@bib260] Taken together with *in vitro* experiments demonstrating IL-5-induced expression of IL-5RA on human progenitor cells,[@bib261], [@bib262] these data demonstrate eosinophil lineage skewing of CD34^+^ cells in response to an allergic stimulus. Thus, increased production of Eo/B lineage-committed progenitors within the bone marrow, the subsequent development of blood and tissue eosinophilia,[@bib258] and the maintenance of an allergic inflammatory response[@bib255], [@bib263] have been linked. Reports of antigen-induced increases in CD34^+^ IL-5RA^+^ cell numbers in murine bone marrow coincident with enhancement of IL-5-dependent eosinophilopoiesis provide further evidence that eosinophil production occurs as a result of expansion of the relevant eosinophil progenitor population rather than exclusively from demargination or release of sequestered mature eosinophils into the circulation.[@bib264], [@bib265], [@bib266], [@bib267], [@bib268] The rapid increase in expression of IL-5RA on CD34^+^ cells from the bone marrow of atopic asthmatics[@bib257], [@bib269] clearly demonstrates that progenitor cells in these subjects are *primed* to respond to IL-5; indeed, CD34^+^ IL-5RA^+^ cell numbers *circulate* at higher numbers in subjects with asthma compared to controls, and correlate with asthma severity.[@bib257]

Although controversial, chemokines such as eotaxin may also play a role not only in the migration[@bib270] but also in the differentiation of progenitor cells. Since CD34^+^ progenitor cells are found to express C-C chemokine receptor 3 (CCR3),[@bib271] which is upregulated in a T~h~2 environment, it is possible that signaling through this receptor also causes progenitor cells to differentiate into eosinophils independently of GM-CSF, IL-3, and IL-5.[@bib272]

### Colony-Forming Units {#s0300}

Colony assays are functional measures for the quantification of hemopoietic differentiation potential. Eo/B CFU are clusters of immature, nascent eosinophils and basophils derived from single progenitors[@bib273], [@bib274], [@bib275] present in nonadherent mononuclear or purified CD34^+^ cell populations seeded into a semisolid medium in the presence of hemopoietic growth factors. There are significantly greater numbers of Eo/B CFU in the peripheral blood of subjects with various allergic airway disorders, including asthma, nasal polyposis, and rhinitis.[@bib276], [@bib277] Greater numbers of CD34^+^ cells are detected in blood and bone marrow of atopic than nonatopic subjects, correlating positively with higher numbers of Eo/B CFU grown from the blood and marrow of these subjects.[@bib255] The higher levels of CD34^+^ cells and IL-5-responsive Eo/B CFU in atopic subjects indicate a role for Eo/B progenitors in allergic diseases, such as asthma.[@bib255] The growth of Eo/B CFU is also influenced by exposure to specific antigen, which initiates a cascade of events with a stimulatory effect on the bone marrow to produce and release newly formed inflammatory cells. Importantly, allergic individuals can exhibit fluctuations in the numbers of circulating progenitors and tissue eosinophils during an allergen pollen season.[@bib278], [@bib279] An initial increase in circulating Eo/B CFU at the beginning of seasonal allergen exposure is followed by a significant decline at the peak of the season, coincident with nasal symptoms and inflammation, probably reflecting the migration and differentiation *in situ* of progenitor cells from the blood to the inflamed tissue.[@bib278], [@bib279], [@bib280] This increase in Eo/B CFU has also been demonstrated in allergic asthma exacerbation.[@bib281], [@bib282] Supporting the latter *in vivo* observation, higher numbers of bone marrow[@bib260] and circulating[@bib283] Eo/B CFU can be measured 24 h after allergen inhalation. Studies conducted in animal models of allergic asthma that carefully investigate the trafficking of cells from bone marrow confirm that allergen-induced airway inflammation is associated with increased numbers of newly formed cells in the blood and airways.[@bib263], [@bib284] In mouse models of allergic rhinitis and/or asthma, changes in bone marrow eosinophilopoiesis, accompanied by appropriate peaks of hemopoietic cytokines and chemokines, such as eotaxin, GM-CSF and IL-5, and changes in cell surface receptors for these factors, were shown to occur as early as 2 h after allergen challenge,[@bib267], [@bib268], [@bib285], [@bib286], [@bib287] indicating that progenitor cell fluctuations and hemopoietic processes contributing to eosinophilic airways inflammation can occur quite rapidly in response to allergen challenge.

Studies to assess changes in cytokines levels within the bone marrow of sensitized mice or atopic asthmatics following allergen exposure have detected increases in levels of IL-5 consistent with the kinetics of eosinophil lineage commitment.[@bib266], [@bib285], [@bib286], [@bib288] Using colony-forming assays, bone marrow progenitor cells from asthmatic subjects developing late-phase responses and airway eosinophilia postallergen challenge were shown to be more responsive to IL-5 than cells from subjects without these allergen-induced responses.[@bib258] A subsequent investigation demonstrated that allergen inhalation by allergic asthmatic subjects induces a time-dependent change in the levels of growth factors and cytokines in the bone marrow: subjects with elevated levels of airway and circulating eosinophils postchallenge had increased numbers of IL-5-responsive progenitors at 12 h and 24 h postallergen ([Fig. 13.6.1](#f0060){ref-type="fig"}), coincident with increased IL-5 protein levels in the bone marrow.[@bib233] As such, allergen-induced activation of an eosinophilopoietic process highlights the relationship between increased bone marrow IL-5 levels and the regulation of eosinophil production from bone marrow progenitor cells. Given the observed delayed interferon γ (INF-γ) increase in the marrow of these subjects,[@bib233] it could be postulated that activated T cells migrate from the airways to the bone marrow and release cytokines such as IL-5 and IL-9 that may locally orchestrate activation of hemopoietic events during an allergic inflammatory response.[@bib289], [@bib290], [@bib291], [@bib292] To this end, investigations of the cell-associated cytokine production within the bone marrow have shown that CD34^+^ cells[@bib293], [@bib294] and T cells[@bib290], [@bib291], [@bib292], [@bib294] produce IL-5 during the course of the allergic inflammatory response. Nascent eosinophils and basophils picked from Eo/B CFU have also been shown to constitute autocrine sources of GM-CSF and IL-5,[@bib283], [@bib290], [@bib291], [@bib292], [@bib295], [@bib296] which could further amplify the process of differentiation and proliferation. More recently, it has been shown that CD34^+^ cells from blood and bone marrow release more IL-5 following stimulation with calcium ionophore and phorbol-12-myristate-13-acetate than do the equivalent number of CD3^+^ T-lymphocytes.[@bib297]

### *In Situ* Hemopoiesis {#s0305}

Traditionally, the focal point of the differentiation and maturation process involving hemopoietic progenitors has been the bone marrow, under the regulation of its proper microenvironment. However, there is now an abundance of evidence demonstrating that eosinophil progenitors can traffic as fully or partly undifferentiated cells to allergic inflammatory tissues in the upper and lower airways, where they can and do differentiate into mature eosinophils under the control of local stimuli. Indeed, Eo/B CD34^+^ cells are found in tissues such as the bronchial mucosa,[@bib298] nasal polyps,[@bib299] and even in atopic dermatitis lesions.[@bib300] Despite the importance of systemic and local IL-5 production for the differentiation of CD34^+^ cells in the bone marrow, it is apparent that Eo/B can differentiate similarly at sites of tissue inflammation. This has been demonstrated functionally in several studies. Firstly, inflamed tissue from subjects with allergic rhinitis and nasal polyposis has been shown to produce hemopoietic cytokines that promote the differentiation and maturation of Eo/B CFU.[@bib252], [@bib301], [@bib302], [@bib303], [@bib304], [@bib305], [@bib306], [@bib307] Next, mononuclear cells extracted from nasal polyp tissue have the potential to produce Eo/B CFU in response to growth factors such as IL-5.[@bib252], [@bib299], [@bib301] This supports the concept of *in situ* hemopoiesis, in which locally elaborated growth factors can drive the differentiation and maturation of hemopoietic progenitors into mature eosinophils ([Fig. 13.6.2](#f0065){ref-type="fig"}). Finally, phenotypic evaluations have identified CD34^+^ cells in various airway compartments, including the mucosa of the upper and lower airways of subjects with allergic rhinitis and asthma, respectively.[@bib289], [@bib298], [@bib299] The already elevated levels of CD34^+^ cells in induced sputum samples collected from mild asthmatic subjects are further increased after allergen inhalation challenges compared to healthy controls.[@bib232] With respect specifically to *in situ* eosinophilopoiesis, increased numbers of cells double positive for CD34 and IL5RA mRNA are found in nasal biopsies[@bib289] and lung biopsies of allergic asthmatic subjects compared to normal controls,[@bib289], [@bib298] suggesting that IL-5-responsive CD34^+^ cells committed to the Eo/B lineage are present *within* the inflamed tissue. Furthermore, CD34^+^ cells appearing in sputum of allergic asthmatic subjects stain positive for IL-5 and IL-13 intracellularly, suggesting that they themselves may act as proinflammatory effector cells in the microenvironment of the inflamed tissue.[@bib293] Autocrine production of growth factors in Eo/B CFU grown from the blood of allergic asthmatic subjects has likewise been documented, which suggests that cytokine expression by differentiating progenitors may provide an additional stimulus to enhance differentiation *in situ*.[@bib283], [@bib295] A similar autocrine upregulation of both eosinophilopoietic factors and their receptors has recently been demonstrated for TLR-ligated CD34^+^ cells in cord blood.[@bib308], [@bib309] *In situ* IL-5-dependent differentiation of eosinophil progenitors can be triggered in the nasal mucosa of allergic rhinitic donors: *ex vivo* nasal mucosa cultures stimulated with allergen were shown to contain reduced numbers of CD34^+^ IL5RA mRNA^+^ cells and increased numbers of major basic protein (MBP) immunoreactive cells, thus shifting cells locally from an immature to a mature phenotype.[@bib289]

In a mouse model of allergen-induced airway inflammation, newly produced CD34^+^ CCR3^+^ cells, isolated from lung and stimulated with eotaxin-2/CCL24 or IL-5, differentiated into significant numbers of CFU; cell cycle analysis showed significant increases in the number of CD34^+^ CCR3^+^ proliferating cells in allergen-exposed animals.[@bib310] These data support the notion of local Eo/B differentiation within tissues, suggesting that the CCR3/eotaxin pathway is also involved in the regulation of this allergen-driven *in situ* hemopoiesis, at least in mice. Recently, it has been shown that human airway smooth muscle of allergic asthmatics can also stimulate increased Eo/B differentiation *in vitro*,[@bib311] adding to the complexity of systemic and local hemopoietic processes in the generation of eosinophilic tissue inflammation.

Eosinophil Progenitors and Innate Immunity {#s0310}
------------------------------------------

The evidence described above for *in situ* hemopoiesis[@bib272] is also in keeping with a recent observation that IL-33/thymic stromal lymphopoietin (TSLP) is sufficient to induce the differentiation of CD34^+^ progenitors into eosinophils, in addition to activating T~h~2 and mast cells.[@bib293] A major recent discovery is that TSLP promotes T~h~2 pathways (via IL-25 and IL-33) that induce the development of a c-kit^int^Sca-1^+^ multipotent progenitor (MMP; also known as 'nuocytes')[@bib312] population in gut-associated lymphoid tissue;[@bib313], [@bib314] this provides further support for *in situ* hemopoiesis, and promotes the idea that TSLP provides a critical link between adaptive and innate immunity in the process of hemopoietic CD34^+^ cell differentiation within tissues ([Fig. 13.6.2](#f0065){ref-type="fig"}).

As mentioned above, recent data showing that CD34^+^ IL-5^+^ and CD34^+^ IL-13^+^ double-positive cells can be detected in sputum of asthmatic patients, with increases after allergen challenge,[@bib293] are consistent with the concept of allergen activation, via TSLP, of multipotent as well as lineage-committed progenitors, some of which can thus potentially function as inflammatory effector cells without further differentiation. Preliminary data show that recombinant TSLP, with or without IL-33 as a coligand, can also upregulate IL-5RA on CD34^+^ cells, rendering them more responsive to the effects of IL-5, with concomitant functional Eo/B CFU differentiation.[@bib315] Moreover, stimulation of CD34-enriched human cord blood cells with the Toll-like receptor (TLR) agonists, lipopolysaccharide (LPS) or CpG-oligodeoxynucleotides (CpG ODN), induces increased expression of TLR-2, TLR-4, and TLR-9 on CD34^+^ cells, as well as increases in GM-CSFRA, IL-3RA, and IL-5RA.[@bib308], [@bib309] These observations demonstrate additional mechanisms through which innate immunity can regulate the responsiveness of Eo/B progenitors. CD34^+^ cells stimulated with a combination of TLR agonists and hemopoietic cytokines have been shown to give rise to more Eo/B CFU responsive to IL-3 and IL-5 than through hemopoietic cytokine stimulation alone.[@bib308], [@bib309] Collectively, these data point to TSLP--TLR--TLR ligand interactions that can result in autocrine *upregulation of T~h~2 cytokines* (e.g., IL-5, IL-13) in CD34^+^ cells,[@bib290], [@bib293], [@bib294] and further support the idea that TSLP provides a critical link between adaptive and innate immunity in the process of hemopoietic CD34^+^ cell differentiation within tissues ([Fig. 13.6.2](#f0065){ref-type="fig"}).

### The Role of Interleukin-5 in Eosinophil Progenitor Recruitment {#s0315}

IL-5 is central for upregulation of myeloid progenitors in the bone marrow after airway allergen challenge,[@bib267], [@bib316] and for trafficking from the marrow to the airways in several animal models of either upper or lower airways inflammation.[@bib285], [@bib317], [@bib318] Airway, blood, and nasal eosinophilia are completely inhibited by either neutralizing the biologic effects of IL-5[@bib319] or through deletion of the gene encoding IL-5.[@bib291] Although the asthmatic lung can release abundant amounts of IL-5, studies in animal models have led to debate regarding the distribution and sources of IL-5 required to drive airway eosinophilia. Studies in mice have shown that circulating, rather than local, IL-5 in the lung is critical for the development of allergic airways eosinophilia.[@bib320] This was investigated through systemic IL-5 gene transfer to IL-5-knockout mice, which effectively supported ovalbumin (OVA)-induced eosinophilia in the blood, bone marrow, and lung. This contrasts with IL-5 gene transfer into the airways, which did not induce eosinophilia following OVA challenge.[@bib320] Thus, systemic IL-5 seems to be necessary for the development of eosinophilia in the mouse. However, this is more controversial in humans.

Further studies have demonstrated that inhalation of IL-5 by allergic asthmatic subjects leads to the development of peripheral blood and sputum eosinophilia,[@bib321] and inhaled IL-5 induces airway eosinophilia accompanied by increased airway hyperresponsiveness (AHR).[@bib322] In contrast, three subsequent studies reported no effect of IL-5 inhalation on eosinophil levels in blood, airways, or AHR in allergic asthmatics.[@bib323], [@bib324], [@bib325] By inhalation, IL-5 was found to significantly *decrease* CD34^+^ *IL5RA* mRNA^+^ cells within the bronchial mucosa and *decrease* the percentage of CD34^+^ CCR3^+^ cells in the bone marrow of atopic asthmatics.[@bib325] It has been hypothesized that lung-derived IL-5 provides a signal to a population of cells within the bronchial mucosa that traffic to the bone marrow, where they locally induce the efflux of CD34^+^ CCR3^+^ cells.[@bib294], [@bib325] Elegant experiments involving perfusion of the femoral bone marrow of guinea pigs confirmed that whereas IL-5 induces chemokinesis of bone marrow eosinophils, mobilization of mature eosinophils by IL-5 occurs synergistically with, and requires, the presence of eotaxin.[@bib270]

### Roles of Eotaxins {#s0320}

Eotaxin is a potent and eosinophil-specific chemoattractant.[@bib326], [@bib327], [@bib328] Eotaxin-1 is thought to be more important than eotaxin-2 for inducing mobilization of eosinophils and their progenitors from the bone marrow into the blood circulation.[@bib270], [@bib329] A reduction of eosinophil numbers was observed in the lungs of mice treated with eotaxin-1 blocking antibodies[@bib330], [@bib331] and in strain-specific eotaxin-1 knockout mice.[@bib332], [@bib333] Eotaxin-1 is released from lung structural cells,[@bib334] and is released at increased levels following allergen challenge.[@bib335] Human endothelial progenitor cells also express eotaxin-1,[@bib336] and have been shown to be rapidly mobilized to the lung after allergen challenge in sensitized mice[@bib336] and atopic asthmatic subjects,[@bib337] where they also can contribute to the development of lung eosinophilia through the expression and secretion of eotaxin-1.

More recently, both eotaxin-1 and eotaxin-2 have been shown to induce migration of murine bone marrow and blood CD34^+^ CCR3^+^ cells using an *in vitro* transmigration assay.[@bib310] These data suggest that the CCR3/eotaxin pathway is involved in the regulation of allergen-driven accumulation/mobilization of eosinophil lineage-committed progenitor cells in the lung. The receptor for eotaxin, CCR3, is upregulated on CD34^+^ cells after allergen challenge, thereby facilitating eotaxin-mediated progenitor cell mobilization from the bone marrow to the peripheral circulation.[@bib271], [@bib338]

### Other Migration Signals {#s0325}

Studies in sensitized mice have indicated that T cells are the major gatekeepers regulating eotaxin and IL-5 levels, and thus eosinophilia. Reductions in airway, bone marrow, and peripheral blood eosinophil levels in CD4^−/−^ and CD8^−/−^ mice suggest that these T cell populations are critical regulators of allergen-induced eosinophilia. Furthermore, reduced serum IL-5 and bronchoalveolar lavage eotaxin-2 levels in CD4^−/−^ mice suggest that CD4^+^ T cells are obligatory for the development of allergen-induced airway eosinophilia.[@bib339]

In addition to eotaxin and IL-5, many other mediators have been shown to induce responses in both mature eosinophils and Eo/B progenitors. Cysteinyl leukotrienes, which are released in the airways following perturbation by allergen, are chemoattractants for mature eosinophils,[@bib340] but have also been shown to aid differentiation[@bib341] and induce chemotaxis and *in vitro* transendothelial migration of Eo/B progenitors.[@bib342] Preliminary work has shown that both IL-4 and IL-13 can prime hemopoietic progenitor cells in a transmigration assay,[@bib343] and studies are under way to investigate whether progenitors are also responsive to the eosinophil chemoattractants prostaglandin D2 receptor 2 (CRTH2; reviewed in[@bib344]) and peroxisome proliferator-activated receptor γ (PPARγ).[@bib345], [@bib346] In the allergen challenge model, there is attenuation of CXCR4 (SDF-1α receptor) expression on bone marrow CD34^+^ cells from mild asthmatic subjects, as well as a reduction in SDF-1α levels in the bone marrow. This demonstrates a mechanism whereby retention of progenitors in the bone marrow regulates their egress into the blood.[@bib338]

Eosinophils and Progenitors as Targets of Asthma Therapy {#s0330}
--------------------------------------------------------

The discoveries that IL-5 is a specific eosinophil growth factor in humans and that eotaxins can selectively induce eosinophil recruitment, as described above, were instrumental for the development of drugs targeting the eosinophil. This is reviewed in detail elsewhere.[@bib347]

### Interleukin-5 Blockade {#s0335}

Anti-IL-5 treatment in mild atopic asthmatic subjects has been shown to induce a reduction of airway eosinophils, arrest bone marrow eosinophil maturation, and decrease eosinophil progenitors in the bronchial mucosa.[@bib348], [@bib349] Though initial clinical trials of IL-5 blockade in patients with asthma were unsuccessful in demonstrating clinical efficacy,[@bib348], [@bib350], [@bib351], [@bib352], [@bib353] a number of issues may have contributed to the failure of these studies, including lack of depletion of tissue eosinophils and their granule products; patient selection; and methodological problems.[@bib354] Subsequent studies, conducted in a subgroup of asthmatic patients selected on the basis of having persistent eosinophilic asthma, have demonstrated that blocking IL-5 with the humanized IL-5 antibody, mepolizumab, has a steroid-sparing effect, reduces exacerbations, and improves quality of life for asthma patients.[@bib355], [@bib356] The anti-IL-5 approach is troubled by the inability to completely abolish eosinophilia, consistent with murine observations (reviewed in Matthaei et al.[@bib318]), since it is hypothesized that if eosinophilia were solely controlled by IL-5 then a more complete suppression of eosinophils would ensue from therapeutic anti-IL-5 interventions. *A propos* this possibility, however, MEDI-563 is a humanized anti-IL-5RA monoclonal antibody that binds IL-5RA with high affinity and mediates cell lysis via antibody-directed cell-mediated cytotoxicity. As such, MEDI-563 kills all cells bearing IL-5RA, including eosinophil progenitors, and has been shown to *eliminate* eosinophils from the circulation of subjects with mild asthma.[@bib357], [@bib358] This antibody is currently under investigation in other clinical models of asthma.

That eosinophils can remain in the lung tissue of asthmatic subjects despite IL-5 blockade suggests that additional signals promote eosinophil survival. Indeed in IL-5-deficient mice, responses to GM-CSF and IL-3 are normal, despite absence of eosinophilia in the nasal mucosa and the bone marrow, significantly lower numbers of IL-5-responsive Eo/B CFU and maturing CFU eosinophils, and reduced expression of IL-5RA on bone marrow-derived CD34^+^ CD45^+^ progenitor cells.[@bib285] These results indicate that *redundant* cytokine mechanisms can compensate for IL-5 deficiency and highlight the multifactorial nature of allergic inflammation, indicating that combined, as opposed to single-line, therapies may be more effective in the treatment of diseases such as asthma.

### Antisense Therapy {#s0340}

One such therapy is currently being tested in clinical trials of allergic asthma. TPI-ASM8 is a combination of two antisense oligonucleotides, one blocking translation of the IL-3/IL-5/GM-CSF receptor common β chain, and the other blocking translation of CCR3. As such, TPI-ASM8 prevents expression of receptors for GM-CSF, IL-3, IL-5, eotaxin-1, and eotaxin-2, and will thus hypothetically inhibit many of the signals shown to be crucial for eosinophilopoiesis, as well as eosinophil migration, activation and survival. Following allergen challenge in mild atopic asthmatic subjects, inhaled TPI-ASM8 inhibited accumulation of mature eosinophils and CD34^+^ IL-5RA^+^ cells in the sputum, in addition to inhibiting the late asthmatic response.[@bib359], [@bib360]

### Steroid Therapy {#s0345}

Despite advances made in the development of eosinophil-specific therapies, corticosteroids remain the gold standard for the treatment of allergic inflammatory diseases like asthma.[@bib361], [@bib362], [@bib363] Local delivery using inhalers is intended for topical treatment of the affected tissue; however, the anti-inflammatory actions of corticosteroids have been shown to extend beyond the environment of the airways, probably due to a small amount of systemic availability. These systemic effects are beneficial for regulating hemopoietic mechanisms that originate in the bone marrow. Stepwise withdrawal of inhaled corticosteroids results in a rapid and substantial increase in Eo/B progenitors assayed in peripheral blood, which returns to baseline when treatment is reinstated.[@bib364] Only 1 week of treatment with inhaled corticosteroid is sufficient to significantly attenuate allergen-induced levels of circulating Eo/B CFU[@bib295] and reduce baseline numbers of bone marrow Eo/B CFU[@bib263] in mild allergic asthmatic subjects, further demonstrating the efficacy of corticosteroids on progenitors in peripheral blood. However, the inhaled steroid has no effect on the allergen-induced increase in the number of bone marrow CD34^+^ cells, the increase in IL-5RA expression on these cells, or the number of Eo/B CFU. These findings suggest that topical corticosteroids may exert indirect suppressive effects on the differentiation of eosinophil progenitors.

Conclusion {#s0350}
----------

Eosinophil progenitors are now emerging as effector cells that can migrate to inflamed tissue where they rapidly proliferate in response to allergic stimuli. Understanding communication between eosinophil progenitors and the innate immune system will require further exploration.
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Virus infections are the primary cause of asthma exacerbations in both children and adults. During virus-induced asthma, eosinophils in contact with airway nerves become activated and release mediators that cause airway nerve dysfunction. Airway parasympathetic nerves, which provide the dominant control over airway smooth muscle, release excess acetylcholine, which causes bronchoconstriction. Soluble mediators released by activated eosinophils also participate in virus clearance in the host. Eosinophils can recognize viruses, become activated, present viral antigens, and release virucidal mediators. Once considered solely detrimental, these cells are now gaining recognition for their beneficial antiviral role in virus-induced asthma. Further investigation is warranted to elucidate the mechanisms of eosinophil-mediated virus clearance in patients with asthma.

Virus-Induced Asthma Attacks: An Overview {#s0360}
-----------------------------------------

Asthma is a chronic pulmonary disease characterized by airway remodeling, airway inflammation, and bronchoconstriction. Patients with asthma cycle between periods of exacerbations, which result in significant morbidity, and recovery. Virus infections are the leading cause of asthma exacerbations in children and adults, yet specific treatment and prevention strategies for virus-induced asthma are limited. The tissue damage caused during virus-induced asthma is divided into two categories: damage caused by the virus itself and damage from the host immune response. Eosinophils play a significant role in both virus clearance and immunity-mediated tissue damage.

As many as 80% of childhood cases and 55% of adult cases of asthma attacks have an identifiable underlying virus infection.[@bib365], [@bib366] Diagnosis of virus infection in acute asthma is often presumptive and based on patient history and physical examination, but other diagnostic laboratory techniques include serology, virus culture, and reverse-transcription polymerase chain reaction. Respiratory RNA viruses are the main types of virus that induce asthma attacks, with rhinovirus (the common cold virus) accounting for approximately two-thirds of viruses identified.[@bib367] Coronavirus, influenza, parainfluenza, and respiratory syncytial virus (RSV) comprise the remainder of respiratory RNA viruses that induce asthma attacks.[@bib365]

The immune response to viral infections is T-helper type 1 (T~h~1)-driven and involves the production of proinflammatory cytokines such as interleukin-12 (IL-12) and interferon γ (IFN-γ). Studies show that T~h~1 responses in patients with asthma are impaired, which results in decreased T~h~1 cytokine production during viral infection.[@bib368] Asthma also skews the immune system away from a T~h~1 response toward a T~h~2 immune environment through increased production of T~h~2 cytokines, such as IL-4, IL-5, and IL-13. IL-5 is the central cytokine involved in eosinophil proliferation, maturation, and survival. When the immune environment of a virus-infected patient with asthma shifts from T~h~1 to a T~h~2 response, these patients experience more severe symptoms of infection and delayed pathogen clearance, which likely contribute to increased asthma exacerbations and hospital admissions.[@bib368], [@bib369]

The association of eosinophils with virus-induced asthma is well documented. Eosinophil products are present in the sputum of patients with virus-induced asthma,[@bib370] and histology studies show that in patients who have died from severe asthma, eosinophils are clustered around airway nerves ([Fig. 13.7.1](#f0070){ref-type="fig"} ).[@bib371] In the following sections, we will present the mechanisms of eosinophil pathophysiology in virus-induced asthma, focusing on virus-induced airway inflammation, viral activation of eosinophils, virus-induced eosinophil-mediated neural changes, and T cell--eosinophil interactions during virus infection. We then discuss the beneficial role of eosinophils in virus-induced asthma and potential targets for prevention and treatment of the disease.FIGURE 13.7.1Eosinophils are physically associated with airway nerves in asthma.Postmortem airway tissues from patients with fatal asthma were stained with antibodies to the nerve-specific protein PGP9.5 (black) and to eosinophil MBP (red). *A*, Eosinophils line up along nerve fibers in airway smooth muscle layer. *B*, Eosinophils surround an airway nerve bundle, seen longitudinally. *C*, Eosinophils surround a nerve bundle, cut in cross section. Note extracellular MBP (arrow). *D*, A nerve fiber is encrusted with extracellular MBP.[@bib371]

Eosinophils in Virus-Induced Airway Inflammation {#s0365}
------------------------------------------------

Respiratory virus infection induces airway inflammation in all individuals, but the inflammatory response is different in patients with asthma from in nonasthmatic individuals. Experimental rhinovirus infection of human subjects increases eosinophil numbers in the bronchial epithelium in both nonasthmatic and asthmatic volunteers. Eosinophils remained in airway tissues of virus-infected patients with asthma 6 weeks longer than in infected, nonasthmatic controls. These data suggest that virus-induced eosinophil influx into the airways occurs in individuals both with and without asthma and that the eosinophil response to viral infection is accentuated in patients with asthma.[@bib372]

The airway epithelium is the primary site of respiratory virus infection. Virus-infected epithelial cells release a wide array of proinflammatory cytokines that recruit inflammatory cells into the airways. Among these proinflammatory cytokines are eotaxin/C-C motif chemokine 11 (CCL11), granulocyte-macrophage colony-stimulating factor (GM-CSF), MIP-1α/CCL3, and RANTES/CCL5, which are chemoattractants and activators of eosinophils.[@bib373], [@bib374], [@bib375], [@bib376], [@bib377], [@bib378], [@bib379], [@bib380] Virus infection increased eosinophil inflammation in the airways of antigen-sensitized and antigen-challenged mice compared to sensitized-challenged, mock-infected animals. In addition, virus infection of epithelial macrophages induced the release of eotaxin, and the blockade of eotaxin bioactivity with a neutralizing antibody inhibited airway eosinophilia in sensitized-challenged, virus-infected but not sensitized-challenged, mock-infected mice. These data suggest that virus infection recruits eosinophils to the lungs of sensitized-challenged animals and that this is dependent on eotaxin.[@bib381]

Virus infections of allergic individuals may lead to the development of eosinophilic inflammation as well as features of asthma. Calhoun et al. showed that patients with allergic rhinitis who were experimentally infected with rhinovirus had increased eosinophil influx into the airways following allergen challenge. These patients also had increased histamine release and edema from fluid leakage, which are consistent with asthma. These data suggest that virus infection may induce asthma in individuals with preexisting allergic respiratory diseases. The T~h~2 immune environment that allergic rhinitis elicits closely resembles the cytokine profiles of asthma, so a subsequent viral infection may tip airway physiology toward an asthma phenotype.[@bib382]

Virus-Induced Eosinophil Activation {#s0370}
-----------------------------------

Eosinophils are activated during viral infection. Studies of patients with RSV bronchiolitis showed the presence of eosinophil cationic protein (ECP) and eosinophil-derived neurotoxin (EDN) in their lower airway secretions.[@bib383], [@bib384] Other studies have shown that cell surface expression of CD11b, a marker of cellular activation, is upregulated in eosinophils of RSV-infected patients compared to uninfected volunteers.[@bib385] These data suggest that eosinophils are activated and degranulate following viral infection.

Toll-like receptors (TLRs) are pattern recognition receptors that recognize pathogen-associated molecular patterns (PAMPs). Many groups have shown that TLRs are present and functional in eosinophils. TLRs mediate both the innate and adaptive immune responses, and some believe they are involved in controlling sensitization. Studies suggest that polymorphisms in *TLR2*, *TLR4*, *TLR9*, and *TLR10* are associated with an increased risk of developing asthma.[@bib386], [@bib387], [@bib388], [@bib389] Human eosinophils express *TLR1*, *TLR4*, *TLR7*, *TLR9*, and *TLR10* mRNA. TLR7 recognizes single-stranded RNA (ssRNA) found in respiratory RNA viruses. Nagase et al. showed that R848 (a synthetic ligand for TLR7 and TLR8) increases CD11b expression on human eosinophils, induces superoxide generation, and promotes cell survival.[@bib390] Phipps et al. showed that mouse eosinophils express TLR7 on their cell surface and TLR3, TLR4, and TLR7 in endosomes. Furthermore, ssRNA treatment of mouse eosinophils increases eosinophil peroxidase (EPO) release, increases CD11b expression, and induces degranulation.[@bib391]

Eosinophil TLR responses to stimulation may differ between atopic and nonatopic individuals. Mansson et al. showed that eosinophils treated with IL-5 and then stimulated with polyI:C (a TLR3 agonist) had increased IL-8 release compared to IL-5 treatment alone.[@bib392] In addition, IL-5 pretreatment potentiates R837 (a TLR7-specific synthetic ligand)-induced IL-8 release. Moreover, eosinophils collected from atopic patients and stimulated with R837 release increased IL-8 compared to R837-stimulated eosinophils from nonallergic volunteers.[@bib393] These data suggest that atopy affects eosinophil TLR responses and that aberrant virus-induced eosinophil activation in patients with asthma may exacerbate their airway disease.

Eosinophils can be infected and activated by respiratory viruses. Eosinophils can be activated directly by virus binding to receptors on either the cell surface or in endosomes, depending on the virus's mechanism of entry. RSV mediates entry into target cells by binding TLR4. Although it has not been demonstrated that RSV binds TLR4 on eosinophils, *in vitro* culture of RSV with human eosinophils prolongs cell survival.[@bib394] Transmission electron microscopy studies showed that RSV is internalized by human eosinophils and identified virions in phagocytic vacuoles near the cell surface. In addition, infected eosinophils underwent piecemeal degranulation, suggesting that these cells were activated upon infection.[@bib395]

In some cases, virus-induced eosinophil activation requires priming prior to infection and, in other cases, viruses prime eosinophils to respond to treatment with additional stimuli. Handzel et al. showed that rhinovirus binds intracellular adhesion molecule-1 (ICAM-1) on human eosinophils primed with GM-CSF and that GM-CSF treatment upregulates ICAM-1 on eosinophils.[@bib396] Additional studies showed that RSV increased superoxide generation and CD11b in eosinophils that were first treated with platelet activating factor.[@bib397] RSV infection of eosinophils potentiates phorbol-12-myristate-13-acetate (PMA)-induced superoxide generation and leukotriene C~4~ release.[@bib398] These data suggest that virus-induced eosinophil activation in asthma may lead to an exaggerated host immune response, resulting in airway inflammation and constriction.

Virus-Induced Airway Hyperreactivity: The Role of Eosinophils {#s0375}
-------------------------------------------------------------

During virus-induced asthma, eosinophils cause dysfunction of parasympathetic nerve signaling. Airway parasympathetic nerves provide the dominant control over airway smooth muscle.[@bib399] These neurons release acetylcholine (ACh), which binds M3 muscarinic receptors (M~3~Rs) on smooth muscle to cause bronchoconstriction.[@bib400] ACh release is normally limited via negative feedback inhibition of ACh on neuronal M2 muscarinic receptors (M~2~Rs).[@bib401] When neuronal M~2~Rs are dysfunctional, ACh release by neurons is not inhibited, and increased levels of ACh binding to M~3~Rs on airway smooth muscle cause airway hyperresponsiveness (AHR).

In antigen-sensitized, antigen-challenged guinea pigs, eosinophils mediate AHR.[@bib402] Parasympathetic nerves recruit eosinophils to the nerves via eotaxin signaling.[@bib403] Cholinergic nerves express ICAM-1 and vascular cell adhesion protein (VCAM), which bind to eosinophils.[@bib404] Eosinophils bind to nerves and release major basic protein (MBP), which blocks M~2~Rs on nerves. This causes loss of M~2~R function, resulting in increased ACh release and bronchoconstriction.[@bib405], [@bib406]

Viral infection of nonsensitized guinea pigs causes the loss of M~2~R function and AHR, but this loss is not eosinophil-mediated (not prevented by antibody to IL5 or antibody to MBP).[@bib407] In nonsensitized guinea pigs, the virus-induced loss of M2R function appears to be on the level of reduced M2R gene expression. This appears to be the result of production of TNF-α, which decreases M~2~R mRNA stability.[@bib408] In contrast, in sensitized guinea pigs, virus-induced loss of M~2~R function and AHR is mediated by eosinophils. Adamko et al. showed that depletion of eosinophils with an anti-IL-5 antibody prevents virus-induced AHR in sensitized guinea pigs, but not in nonsensitized, virus-infected animals. Additional studies showed that blockade of MBP bioactivity inhibits virus-induced AHR and M~2~R dysfunction in sensitized guinea pigs. Collectively, these data suggest that in the context of asthma, eosinophils are recruited to airway nerves, virus infection activates the eosinophils to release MBP, and MBP antagonizes M~2~Rs, resulting in bronchoconstriction ([Fig. 13.7.2](#f0075){ref-type="fig"} ).[@bib409] FIGURE 13.7.2Viral infection activates airway eosinophils in a CD8^+^ T cell-dependent process.Activated eosinophils release major basic protein, which binds to inhibitory M2 muscarinic receptors on parasympathetic nerves. Blocking these receptors increases acetylcholine (Ach) release, causing bronchoconstriction. M3, M3 muscarinic receptor.

Interactions Between T Lymphocytes and Eosinophils in Virus-Induced Asthma {#s0380}
--------------------------------------------------------------------------

In addition to eosinophil--nerve interactions, eosinophils communicate with T cells in virus-induced asthma. As mentioned above, eosinophils mediate virus-induced AHR and M~2~R dysfunction in sensitized guinea pigs but not in nonsensitized animals.[@bib409] Adamko et al. demonstrated that depletion of CD8^+^ T cells prevents virus-induced AHR and M~2~R dysfunction in sensitized but not in nonsensitized guinea pigs. Sensitization increases the number of eosinophils in the airways, and virus infection of both nonsensitized and sensitized guinea pigs reduces the total number of eosinophils in the airways and eosinophils associated with nerves, suggesting that virus infection induces eosinophil degranulation. CD8^+^ T cell depletion inhibits virus-induced eosinophil cytolysis, suggesting that CD8^+^ T cells promote virus-induced eosinophil degranulation.[@bib410] These data suggest that CD8^+^ T cells interact with eosinophils in the airways of virus-infected, sensitized animals to promote AHR and M~2~R dysfunction. Schwarze et al. showed that CD8^+^ T cells are also necessary for AHR and lung eosinophilia during RSV infection of mice.[@bib411]

*In vitro* studies have shown that eosinophils directly interact with T cells to induce eosinophil degranulation and promote antiviral, T cell-mediated immunity. When human eosinophils are incubated with parainfluenza virus in the presence of T cells and antigen-presenting cells (APCs; macrophages or dendritic cells), they release EPO. UV-inactivated virus also induces EPO release from eosinophils, suggesting that this process occurs in the absence of viral replication. Additional studies showed that RSV is also able to induce EPO release from eosinophils in the presence of T cells and APCs.[@bib412] Handzel et al. showed that eosinophils present rhinovirus antigens to CD4^+^ T cells, inducing their clonal expansion and the release of IFN-γ.[@bib396] These data suggest that eosinophils directly interact with CD4^+^ and CD8^+^ T cells, and that their interactions result in eosinophil degranulation, which may augment symptoms of asthma as well as initiate antiviral adaptive immunity. Despite the detrimental role eosinophils play in the pathophysiology of asthma, the antiviral effect of eosinophils may also be beneficial in the context of virus infection and asthma.

Benefits of Eosinophils in Virus-Induced Asthma {#s0385}
-----------------------------------------------

The antibacterial and antiparasitic effects of eosinophils are well documented, yet their antiviral properties have been studied only recently. While eosinophils have historically been acknowledged for their pathophysiological role in asthma, recent studies suggest that these cells also play a beneficial antiviral role in virus-induced asthma. Adamko et al. showed that guinea pigs sensitized to ovalbumin had reduced parainfluenza titers in their lungs 4 days following infection compared to nonsensitized, virus-infected animals. Furthermore, depletion of eosinophils with an anti-IL-5 antibody increased viral levels in sensitized virus-infected animals to above those observed in nonsensitized infected animals.[@bib409] These data suggest that eosinophils serve an antiviral role in the context of virus infection and allergy.

Additional studies have investigated the mechanisms by which eosinophils promote virus clearance *in vivo*. Phipps et al. showed that IL-5 transgenic mice, which have increased levels of eosinophils, have improved RSV clearance compared to wild-type RSV-infected mice. MyD88 is the adaptor molecule for many TLR7 signaling pathways, and studies show that adoptive transfer of wild-type eosinophils, but not eosinophils deficient in MyD88, into the lungs of infected wild-type mice improves virus clearance and inhibits AHR. Blockade of nitric oxide synthase 2 (NOS-2; inducible nitric oxide synthase) activity inhibits RSV clearance *in vivo*. These data suggest that eosinophils contribute to RSV clearance in both a MyD88-dependent and NOS-dependent manner. Furthermore, these data suggest that eosinophils may aid the prevention of RSV-induced AHR.[@bib391]

As mentioned above, eosinophils can be activated by viruses to degranulate. Upon degranulation, eosinophils release granule proteins and reactive oxygen species, which can cause damage to pathogen moieties. Several groups have shown that eosinophils increase superoxide generation in response to virus exposure.[@bib397], [@bib398] Klebanoff et al. showed that human eosinophils stimulated with PMA are virucidal against human immunodeficiency virus (HIV) type 1 *in vitro* and that purified EPO, when incubated with hydrogen peroxide and a halide (its substrate), is also virucidal against HIV.[@bib413] ECP and EDN contain intrinsic ribonuclease activity that can destroy the genomes of RNA viruses. Domachowske et al. showed that eosinophils and human recombinant EDN have antiviral activity toward RSV *in vitro*.[@bib414] Others have demonstrated an antiviral effect of EDN against HIV *in vitro*.[@bib415], [@bib416] Collectively, these data suggest that eosinophils inactivate RNA viruses by a number of different mechanisms involving granule proteins and reactive oxygen species.

While some studies have shown that eosinophils destroy virus, other groups have shown that eosinophils are productively infected by viruses. As mentioned previously, eosinophils can bind and internalize viruses. Kimpen et al. showed that RSV can bind to the eosinophil membrane and observed virus in the phagocytic vacuoles of eosinophils.[@bib395], [@bib398] Dyer et al. showed that RSV and mouse pneumovirus productively infect human and mouse eosinophils, respectively, resulting in the release of infectious virions and proinflammatory cytokines *in vitro*.[@bib417] In contrast, our laboratory has presented evidence suggesting that parainfluenza virus abortively infects human eosinophils. Parainfluenza virus can enter eosinophils and replicate the viral RNA genome, but infectious virus particles are not released.[@bib418] A productive infection of eosinophils could potentially serve to induce cytokine release and attract other immune cells, while an abortive infection would remove extracellular virus from the local environment and/or promote the presentation of virus antigens to T cells. Collectively these data suggest that interactions between eosinophils and different types of viruses are varied and complex.

Therapeutic Targets and Prevention Strategies in Virus-Induced Asthma {#s0390}
---------------------------------------------------------------------

Standard treatments for patients suffering from virus-induced asthma exacerbations consist of β-agonists in combination with anticholinergics and steroids. β-agonists relax smooth muscle by stimulating adenylate cyclase activity and closing calcium channels, while anticholinergics block the effects of the neurotransmitter ACh on airway smooth muscle constriction. Viruses and interferon downregulate inhibitory M~2~Rs on parasympathetic nerves, thereby increasing ACh release, and steroids can reverse these effects.[@bib419] Steroids can also reduce eosinophil influx into the lungs, ICAM-1 expression on nerves, and neuronal M~2~R dysfunction.[@bib420], [@bib421]

While eosinophil in sensitized animals can prevent virus-induced hyperreactivity,[@bib409] the effects of eosinophil depletion in human virus-induced asthma attacks are less clear. While eosinophil depletion with anti-IL5 has limited effects on the response to antigen challenge in human subjects[@bib422] and a clinical study of anti-IL5 had unimpressive effects in unselected asthmatics, when asthmatics with sputum eosinophilia were treated with anti-IL5, steroids were withdrawn without exacerbation in the majority of cases.[@bib423] Whether eosinophil depletion can prevent virus-induced asthma exacerbation awaits further studies.

Another potential treatment for virus-induced asthma is the correction of deregulated cytokine production. As mentioned previously, the immune environment of patients with asthma is skewed toward a T~h~2 phenotype, with decreased interferon production.[@bib368] Treatments that promote a T~h~1 phenotype, the immune response typically observed in viral infection, may prove clinically valuable.

The most direct method of treatment or prevention of virus-induced asthma is targeting the viral infection itself. However, such treatments are at present limited.

### Rhinovirus {#s0395}

Treatment and prevention of rhinovirus, the cause of two-thirds of virus-induced asthma exacerbations, presents a significant challenge because over 100 serotypes of the virus exist. The varying antigenicity among serotypes further hinders vaccine design. As mentioned previously, rhinovirus uses ICAM-1 binding for entry into cells, thus the blockade of cellular infection by blocking virus binding to target cells presents one promising mechanism for drug design. While ribavirin, which is believed to interfere with viral RNA synthesis, has activity against a range of viruses, including rhinovirus and RSV, its clinical efficacy is limited and it is not widely used in the treatment of rhinovirus.

### Respiratory Syncytial Virus {#s0400}

RSV vaccine development has been problematic, with paradoxical worsening of the clinical response being an issue. Palivizumab is a monoclonal antibody that prevents RSV infection by interfering with the RSV fusion protein and, thus, viral entry into cells. In addition, studies show that type IV phosphodiesterase inhibitors inhibit RSV-induced AHR and eosinophilia in the lungs.[@bib424]

### Influenza {#s0405}

Effective vaccines for influenza are recommended for patients with airway disease, including asthma. Although it is difficult to prove that influenza-induced asthma attacks are reduced by vaccination, this may be due to the relatively small number of asthma attacks caused by influenza. Treatment for influenza viral infections consists of neuraminidase inhibitors. Again, the role of neuraminidase inhibitors in preventing asthma attacks is difficult to demonstrate.

### Coronavirus and Parainfluenza Virus {#s0410}

Currently no treatments or vaccines exist for parainfluenza virus and coronavirus. Improved immunological understanding of these viruses and of virus interactions with the host, and eosinophils specifically, will aid in the advancement of future vaccines and treatments.

Conclusion {#s0415}
----------

Respiratory virus infections are the primary cause of asthma exacerbations in children and adults. In asthma, eosinophils are recruited to the airways as a part of the T~h~2 immune response, where they contribute to asthma pathophysiology. However, eosinophils may play a dual role in virus-induced asthma; on the one hand recognizing viruses, releasing virucidal mediators, and presenting antigens, and on the other hand becoming activated and increasing airway reactivity. Current treatments for virus-induced asthma are not specific to virus infection and instead focus on smooth muscle relaxation and reduction of airway inflammation. Further investigation of the interactions between eosinophils and viruses is warranted and will likely lead to more targeted treatments and prevention.

Chapter 13.8. Eosinophils and Gastrointestinal Disease {#sc8}
======================================================
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Primary eosinophilic gastrointestinal disorders (EGID) are diseases with eosinophilia in the absence of known causes. These disorders include eosinophilic colitis, eosinophilic enteritis, eosinophilic esophagitis, eosinophilic gastritis, and eosinophilic gastroenteritis, a term used when more than one gastrointestinal segment is involved. Common symptoms of EGID include abdominal pain, diarrhea, dysphagia, failure to thrive, food impaction, gastric dysmotility, irritability, and vomiting. Clues to the diagnosis of EGID include gastrointestinal problems refractory to conventional therapy, a history of atopy, peripheral blood eosinophilia, and a family history of EGID. Ruling out other secondary causes of tissue eosinophilia is important in the diagnosis of EGID. Diagnosis is dependent on the histopathology of an endoscopic biopsy.

Introduction {#s0420}
------------

Primary eosinophilic gastrointestinal disorders (EGID) are diseases with eosinophilia in the absence of known causes (e.g., drug reactions, malignancy, and parasitic infections). These disorders include eosinophilic colitis, eosinophilic enteritis, eosinophilic esophagitis (EoE), eosinophilic gastritis, and eosinophilic gastroenteritis, a term used when more than one gastrointestinal (GI) segment is involved.[@bib425], [@bib426] The symptoms of EGID include abdominal pain, diarrhea, dysphagia and food impaction, failure to thrive, gastric dysmotility, irritability, and vomiting. Both genetic and environmental factors have a role in EGID. Approximately 10% of patients with EGID have a first-degree relative that also has EGID. It appears that allergy may play a role. In fact, approximately 75% of EGID patients have atopy, allergen-free diets have been shown to be therapeutic, and tissue specimens show mast cell degranulation. Animal studies of EGID also provide evidence of allergic etiology.[@bib426] Although food-specific immunoglobulin E (IgE) is common in EGID patients, food-induced anaphylactic responses occur in only a minority of patients. Thus, EGID appears to fall between pure IgE-mediated food allergy and cellular-mediated hypersensitivity disorders ([Fig. 13.8.1](#f0080){ref-type="fig"} ). In fact, a recent study shows a higher incidence of EoE in patients with celiac disease, supporting a cell-mediated hypersensitivity or T-helper type 1 (T~h~1)-mediated mechanism,[@bib427] although another recent study demonstrates a lack of celiac disease-associated alleles in EoE.[@bib428] FIGURE 13.8.1The spectrum of eosinophilic gastrointestinal disorders.Eosinophilic gastrointestinal disorders (EGID) fall in the middle of the spectrum between immunoglobulin E (IgE)-mediated and non-IgE, cellular-mediated hypersensitivity disorders. EGID, eosinophilic gastrointestinal disorders; IBD, inflammatory bowel disease.

The chief differential diagnoses include gastroesophageal reflux disease (GERD), inflammatory bowel disease (IBD), and specific infections including parasites and *Helicobacter pylori*.[@bib429], [@bib430] The prevalence of EGID has not been rigorously calculated, but they appear to be widespread and not uncommon.[@bib425] For example, EoE has been reported in Australia,[@bib431] Brazil,[@bib432] England, Italy, Japan,[@bib433] Spain, and Switzerland.[@bib434] In one study approximately 10% of pediatric patients with GERD-like symptoms who were unresponsive to acid blockade had EoE.[@bib435] Another study reported that 6% of children with chronic esophagitis have EoE.[@bib425] Prevalence estimates vary from 1:70,000 adults in Australia to 1:2000 children in Cincinnati, USA. The increased prevalence of the disease is primarily due to increased recognition, as the disease accounted for approximately 30% of refractory chronic esophagitis in the 1980s and 1990s; however, a bona fide increase in disease incidence is also occurring.[@bib436] It appears that EGID may be even more prevalent than pediatric IBD.

The blood eosinophil level in EoE patients is typically not dramatically elevated, although it averages twice the normal value.[@bib437] The relative normal value of blood eosinophilia compared with esophageal eosinophilia highlights the tissue-specific pathogenesis of the disease. However, some EGID patients have peripheral eosinophilia high enough to meet criteria for hypereosinophilic syndrome (HES), defined by sustained peripheral blood eosinophilia (\>1500 cells/mm^3^) and end-organ involvement in the absence of known causes of eosinophilia.[@bib438], [@bib439] While HES often involves the GI tract, the other organs typically affected in HES (heart and skin) are rarely involved in EGID.

Eosinophils and the Gastrointestinal Tract {#s0425}
------------------------------------------

In most tissues, eosinophils are present in minute amounts. Organs with substantial eosinophils include GI tract, lymph nodes, spleen, and thymus. Interestingly, in a large study of healthy patients, on autopsy eosinophil degranulation was only seen in the GI tract. Eosinophils are normally present in the lamina propria of the colon, small intestine, and stomach, but are not normally present in the epithelium or Peyer patches, although they infiltrate these regions in EGID.[@bib426] Eosinophil homing to the GI tract appears to occur independent of gut flora, as evidenced by prenatal, adult, and germ-free mice having eosinophils in similar locations and concentrations. Additionally, mice deficient in innate signaling responses (i.e., Myd88 deficient) have normal numbers of GI eosinophils. Together these data indicate that eosinophils respond to signals distinct from those of most other intestinal inflammatory cells that typically require gut flora-induced signaling. In fact, eotaxin/C-C motif chemokine 11 (CCL11) is the unique signal that induces localization of eosinophils to the GI tract.

*In vitro*, the granule components of eosinophils are toxic to many tissues, including intestinal epithelium. The eosinophil cationic proteins major basic protein (MBP), eosinophil peroxidase (EPO), and eosinophil cationic protein (ECP) are cytotoxic to epithelium at concentrations similar to those found in biological fluids from patients with eosinophilia. ECP can render cell membranes porous. MBP increases smooth muscle reactivity via vagal muscarinic M2 receptors and can trigger mast cell and basophil degranulation. In patients with eosinophilic gastroenteritis, MBP and ECP are deposited extracellularly in the small bowel, and ultrastructural changes in eosinophil secondary granules (indicating degranulation and mediator release) are found in duodenal biopsies. Furthermore, Charcot--Leyden crystals are commonly found in feces, and disease severity correlates with mucosal eosinophil numbers.

Eosinophils can secrete a number of different cytokines, suggesting that they may modulate multiple aspects of the immune response, as well as epithelial growth, fibrosis, and tissue remodeling. In addition, tissue eosinophils have distinct cytokine expression patterns under inflammatory versus noninflammatory conditions. For example, esophageal eosinophils from EoE patients express high levels of T~h~2 cytokines and transforming growth factor β (TGF-β).[@bib440] Other molecules secreted by eosinophils include halide acids, hydrogen peroxide, and leukotrienes, which increase vascular permeability and mucus secretion and stimulate smooth muscle contraction.

In IBD, eosinophils form only a small percentage of the infiltrating leukocytes, but their level has been proposed to be a negative prognostic indicator. Observations of eosinophilia in IBD suggest that eosinophils mediate axonal necrosis. Recently, it has been shown that eotaxin is upregulated in intestinal macrophages and epithelial cells in pediatric ulcerative colitis and thus may be a future target for therapy.[@bib441]

Evaluation of Eosinophilic Gastrointestinal Disorders {#s0430}
-----------------------------------------------------

Common symptoms of EGID patients include abdominal pain, diarrhea, dysphagia, failure to thrive, gastric dysmotility, hypoproteinemia, irritability, microcytic anemia, and vomiting. Patients with these refractory problems, especially individuals with a strong history of allergic diseases, peripheral blood eosinophilia, and/or a family history of EGID, should be evaluated for EGID. Evaluation for EGID starts with a comprehensive history and physical examination. Symptoms vary depending on the intestinal segment involved (e.g., abdominal pain and dysphagia are most common in eosinophilic gastroenteritis and EoE, respectively). In most EGID patients, peripheral eosinophilia is not present. Total IgE levels may help classify patients with atopy or those with occult parasite infection. In atopic EGID patients, food allergy is common and can be verified by skin prick and skin patch testing.[@bib442] There are no pathognomonic symptoms or blood tests for diagnosing EGID. Therefore, the diagnosis of EGID is based on endoscopic biopsy procurement and appropriate clinical information.

The diagnosis of EGID is dependent on histological evaluation of biopsy samples, contingent upon the quantity, location, and characteristics of the eosinophilic inflammation. EGID patients often have a variety of endoscopic findings,[@bib434] but it is not uncommon for the lumen to look normal endoscopically; thus, a microscopic evaluation of biopsy samples is required. EGID often has patchy involvement, requiring analysis of biopsies from multiple intestinal segments. While the normal esophagus is devoid of eosinophils, the rest of the GI tract contains readily detectable eosinophils. With the lack of diagnostic criteria, diagnosis of EGID depends on clinical and histopathological expertise. Diagnosis of EGID depends on several factors including the following: [@bib425] eosinophil quantification, [@bib426] the histological location of eosinophils, [@bib427] associated histopathological abnormalities, and [@bib428] the absence of pathological features suggestive of other primary disorders. Recently, gene expression profiles (transcriptomes) have been proposed to be helpful for the diagnosis of EoE; elevated levels of esophageal eotaxin-3/CCL26 in a single biopsy specimen has approximately 90% sensitivity.[@bib443] Other disease processes, such as drug hypersensitivity, collagen vascular disease, malignancy, or infection, should be ruled out ([Table 13.8.1](#t0035){ref-type="table"} ). Evaluation for intestinal parasites via stool samples, colonoscopy aspirates, or antibody titers should be performed, especially if patients have high-risk exposure (e.g., drinking well water, living on a farm, or travel to endemic area). In one study of eosinophilic enteritis, the dog hookworm *Ancylostoma caninum* was identified as the cause in 15% of cases.[@bib444] Infection with *Strongyloides stercoralis* should be excluded before treating for EGID, as immunosuppressants can be life threatening with this infection.[@bib445] TABLE 13.8.1Classification and Examples of Eosinophilic Gastrointestinal DisordersPrimarySecondaryEosinophilic esophagitisParasitic infectionEosinophilic gastritisInflammatory bowel diseaseEosinophilic enteritisGastroesophageal reflux diseaseEosinophilic colitisChurg-Strauss syndromeSclerodermaEosinophilic gastroenteritisDrug inducedHypereosinophilic syndromeCeliac diseaseLeiomyomatosisPemphigus vegetans

Eosinophilic Esophagitis {#s0435}
------------------------

The esophagus is normally devoid of eosinophils.[@bib425], [@bib426] Disorders associated with esophageal eosinophil infiltration include allergic vasculitis, bullous pemphigoid, carcinomatosis, drug injury, EoE, eosinophilic gastroenteritis, esophageal leiomyomatosis, GERD, HES, IBD, myeloproliferative disorders, parasitic and fungal infections, periarteritis, pemphigus vegetans, recurrent vomiting, and scleroderma.[@bib430], [@bib446] Eosinophil-associated esophageal disorders are classified as primary or secondary (i.e., due to another known disease process) ([Table 13.8.1](#t0035){ref-type="table"}). The primary subtype includes the atopic, nonatopic, and familial variants, and the secondary subtype is subdivided into those with and without systemic eosinophilia. EoE is familial in about 10% of patients.

### Etiology {#s0440}

The etiology of EoE is poorly understood, but food allergy has been implicated. Most EoE patients have specific IgE to foods and aeroallergens, but only a few have experienced anaphylaxis.[@bib425] Esophageal eosinophilia may also be linked to allergic airway disease. Several independent studies have linked EoE to allergic etiology. For example, repeated delivery of allergens or interleukin-13 (IL-13) to murine lungs (via direct delivery or transgenic overexpression) induces experimental EoE; patients with allergic rhinitis have increased esophageal eosinophils;[@bib447] intranasal delivery of indoor insect allergen induces EoE in mice;[@bib448] patients with EoE commonly report seasonal variations in symptoms; and there is a seasonal variation in EoE diagnosis.[@bib449], [@bib450]

In addition to eosinophils, T cell and mast cell numbers are increased in esophageal biopsies, suggesting a chronic T~h~2-associated inflammation ([Fig. 13.8.2](#f0085){ref-type="fig"} ).[@bib451] Mast cells have been shown to be elevated in the esophagus and to degranulate in EoE, and they appear to be stimulated by the kit ligand. Carboxypeptidase A3 and tryptase appear to be good surrogate markers for mast cell involvement.[@bib452] IL-13 is overproduced in the esophagus of EoE patients. In addition, in experimental systems, such as IL-13 lung transgenic systems, IL-13 induces eosinophilic esophagitis and tissue remodeling with features both dependent and independent of eosinophils.[@bib453] Consistent with T~h~2 activation, IL-5 overexpression induces EoE, and IL-5 neutralization completely blocks allergen- or IL-13-induced EoE in mice.[@bib454] However, anti-IL-5 therapy in humans has not yet been shown to be effective at ameliorating clinical aspects of the disease, although esophageal eosinophilia improves.[@bib455], [@bib456] Interestingly, a cytokine with more of a T~h~1 skew, IL-15, appears to mediate CD4^+^ T cells and to be involved in the pathogenesis of EoE.[@bib457] FIGURE 13.8.2The inflammatory response in EoE.Food antigens trigger T-helper type 2 (T~h~2) cells to release interleukin-5 (IL-5) and IL-13, which stimulate eosinophils and esophageal epithelial cells, respectively. IL-13 induces epithelial cells to produce eotaxin-3/C-C motif chemokine 26 (CCL26) and downregulate filaggrin. Reduced production of filaggrin might inhibit esophageal barrier function, which could perpetuate the inflammation by maintaining local food antigen uptake. IL-5 and eotaxin-3 activate eosinophils to release major basic protein (MBP) and eosinophil-derived neurotoxin (EDN), which activate mast cells and dendritic cells, respectively. Eosinophils and mast cells also produce TGF-β, which activates fibroblasts and muscle cells and contributes to dysmotility, fibrosis, and hyperplasia.[@bib448], [@bib1486] ECP, eosinophil cationic protein; EPO, eosinophil peroxidase; TGF-β, transforming growth factor β.

In a recent genome-wide microarray expression profile analysis of esophageal tissue[@bib443] from patients with EoE and normal controls, an EoE transcriptome was found to contain changed expression of approximately 1% of the entire human genome. Interestingly, eotaxin-3 was the most prominently overexpressed gene in EoE patients, and levels correlated with disease severity. Furthermore, a single nucleotide polymorphism (SNP) in eotaxin-3 was overrepresented in EoE patients. Conversely, mice lacking the eotaxin receptor (C-C chemokine receptor type 3; CCR3) were protected from developing experimental EoE. Notably, eotaxin-3 is induced by IL-13. Two recent studies have implicated genetic susceptibility for EoE with genetic variants of the *TSLP* gene; *TSLP* encodes thymic stromal lymphopoietin, an epithelial gene product that targets dendritic cells and promotes their T~h~2-polarizing ability. These studies included a genome-wide analysis study of common variants, as well as a large-scale candidate SNP approach. Notably, sex-associated TSLP receptor polymorphisms on Xp22.3/Yp11.3 may explain male predisposition to EoE.[@bib458]

### Clinical and Diagnostic Studies {#s0445}

Symptoms of EoE include dysphagia, epigastric or chest pain, GI obstructive problems, and vomiting.[@bib459] Patients are predominantly male[@bib459] and have robust esophageal eosinophilia,[@bib426] extensive epithelial hyperplasia, and are commonly atopic compared to GERD patients. In adults with EoE, dysphagia and food impaction are common complaints.[@bib460] One study presented a symptom scoring tool that can help identify patients with EoE and correlates with tissue inflammation.[@bib461] However, another study demonstrated dissociation between symptom scores and histology in treated EoE patients.[@bib462] At present, it is important to develop validated disease instruments so that these important parameters can be tracked, especially in clinical trials.

EoE is associated with esophageal dysmotility/dysphagia, which may be related to motor dysfunction of the esophagus rather than to physical narrowing.[@bib463] Esophageal ultrasound shows dysfunctional muscularis mucosa in EoE.[@bib464] Radiographic and endoscopic studies demonstrate furrowing, mucosal rings, polyps, strictures, ulcerations, and whitish papules.[@bib465] It appears that a small diameter on barium esophagography can help diagnosis of EoE,[@bib466] although many patients have normal barium assessments and need further evaluation by endoscopy.[@bib467] Recently, it has been demonstrated that esophageal distensibility, defined as cross-sectional area following intraluminal pressure, is significantly reduced in EoE patients.[@bib468]

The number and location of eosinophils helps distinguish EoE from GERD. Greater than 15 eosinophils per high-power field (hpf) and a lack of response to proton-pump inhibitors suggest EoE. Proximal and distal esophageal eosinophilia suggests EoE, whereas eosinophilia confined to the distal esophagus suggests GERD.[@bib425] Histopathological changes in EoE include esophageal mucosa thickening with basal layer hyperplasia and papillary lengthening. Tissue eosinophil counts may underestimate eosinophil involvement, particularly with marked degranulation. Eosinophil-derived neurotoxin (EDN) staining of biopsy specimens may be useful for diagnosis and management.[@bib469]

Clinical assessment of EoE includes analysis of food and aeroallergen sensitization and exclusion of GERD as well as other causes of eosinophils in the esophagus. However, EoE and GERD are not mutually exclusive and may coexist in the same patient ([Table 13.8.2](#t0040){ref-type="table"} ). Skin patch testing may facilitate identification of food allergy and lead to improved dietary therapy.[@bib470] TABLE 13.8.2Comparison of EoE and GERDAssociated FeaturesEoEGERDClinicalAtopyFood sensitivityGender preferenceFood impactionYesYesMaleCommonNoNoNoUncommonProcedural findingspH probeEndoscopic furrowingEndoscopic ringsDecreased luminal distentionRadiographic small caliberNeutralYesSometimesYesSometimesAcidicNoNoUnknownNoHistopathologyProximal diseaseDistal diseaseEpithelial hyperplasiaEosinophils/hpfElevated eotaxin-3/CCL26, carboxypeptidase A3YesYesSevere\>15YesNoYesModerate\<15 (typically)NoTreatment effectivenessH2-blockersProton-pump inhibitorsGlucocorticoidsFood eliminationElemental dietNoNoYesYesYesYesYesNoNoNo[^5]

### Treatment {#s0450}

Specific food antigen and aeroallergen avoidance, identified by skin testing or history, is indicated for patients with atopic EoE. If feasible, an elemental diet is recommended, as it improves symptoms and reduces the number of eosinophils in the esophageal biopsies of patients with EoE (allergic or nonallergic subtypes). Elemental diet therapy frequently requires placement of a gastrostomy tube to achieve adequate caloric intake.

Glucocorticoids are also effective. Systemic steroids are used for acute exacerbations, and topical steroids provide day-to-day control.[@bib471] For topical steroid delivery, the patient is instructed to swallow the dose to promote deposition on the esophageal mucosa. Topical fluticasone lowers the level of eosinophils, CD3^+^ cells, and CD8^+^ cells in the proximal and distal esophagus[@bib472] and improves symptoms.[@bib460] Side effects of inhaled glucocorticoids are less likely with swallowed fluticasone, as this drug undergoes extensive first-pass metabolism in the liver. However, local esophageal candidiasis may occur.[@bib472] In addition to inhaled steroids, an oral suspension of budesonide can be used.[@bib473] Viscous budesonide improves symptoms and endoscopic/histological appearance and also appears to reach the distal esophagus.[@bib474] A recent study shows FK506 binding protein 5 (FKBP5) transcript levels increase with glucocorticoid exposure, thus helping to distinguish responders from nonresponders and treated from untreated. This also provides the best evidence that swallowed steroids induce local effects in the esophagus.[@bib475]

Although food antigen avoidance and glucocorticoids are the mainstay of treatment, additional therapies may be beneficial. In EoE patients for whom impaction has become an issue, esophageal dilation appears to be safe and effective.[@bib476], [@bib477] Even if GERD is not present, neutralizing gastric acidity (with proton-pump inhibitors) may improve symptoms and esophageal pathology. On the horizon, an anti-IL-13 antibody is a promising future therapy. In an animal model of IL-13-induced esophageal eosinophilia, an anti-IL-13 antibody was effective, and clinical studies are now under way.[@bib478] Additionally, anti-IL-5 antibodies prevent experimental EoE in mice[@bib479] [@bib480] and appear to decrease eosinophilia of the human esophagus in early-stage clinical trials.[@bib481] Human clinical trials are currently under way.

### Prognosis {#s0455}

Although the natural history of EoE is not fully known, it is not uncommon for children with EoE to have a parent with a history of chronic esophageal strictures. Esophageal biopsies in some of these parents have revealed EoE.

The following symptoms occur in order of increasing age: feeding problems, vomiting, abdominal pain, dysphagia, and food impaction.[@bib437] Thus, if left untreated, EoE is likely to progress to esophageal scarring and dysfunction. Recent data show that pediatric EoE patients, diagnosed by retrospective biopsy analysis, are at increased risk of developing persistent disease characterized by dysphagia, food impaction, a need for esophageal dilation, and food allergy.[@bib436] [@bib482] Despite this, the development of Barrett esophagus in EoE has not been studied. However, it appears that EoE requires chronic treatment.

Having EoE increases the risk of developing other forms of EGID. Thus, routine surveillance guided by symptoms of the entire GI tract by endoscopy is recommended.

Eosinophilic Gastritis and Gastroenteritis {#s0460}
------------------------------------------

At baseline, the stomach and intestine have readily detectable eosinophils. Therefore, diagnosis of enteritis, eosinophilic gastritis, and gastroenteritis is more complex than diagnosis of EoE. These diseases are characterized by selective infiltration of eosinophils in the stomach and/or small intestine with variable involvement of the esophagus and/or large intestine. Eosinophilic enteritis, gastritis, and gastroenteritis can be divided into primary or secondary. The primary disorders have also been called idiopathic or allergic gastroenteropathy. Primary eosinophilic gastroenteritis is subdivided on the basis of the level of histological involvement into mucosal, muscularis, and serosal forms. Endoscopic biopsy can be normal in the latter two subtypes. Importantly, many other disorders feature eosinophil infiltration in the stomach, including allergic vasculitis, drug hypersensitivity, drug injury, HES, IBD, myeloproliferative disorders, parasitic and bacterial infections (e.g., *H. pylori*), periarteritis, and scleroderma.

### Etiology {#s0465}

Because total IgE is elevated and food-specific IgEs are detectable in most EGID patients, an allergic mechanism is suspected. However, even though most patients have positive skin tests to a variety of food antigens, they do not have typical anaphylactic reactions, suggesting a delayed form of food hypersensitivity syndrome. In support of an allergic mechanism, mast cells are increased in EGID.[@bib483] Also, eosinophilic gastroenteritis can be induced by feeding enteric-coated allergen beads to sensitized mice.[@bib484] These mice develop eosinophil-associated GI dysfunction, including delayed food transit, gastromegaly, and weight loss.[@bib485] In addition, duodenal lamina propria T cells in EGID preferentially secrete T~h~2 cytokines (especially IL-13) when stimulated with milk proteins. Furthermore, elevated secretion of IL-4 and IL-5 by peripheral blood T cells has been observed in eosinophilic gastroenteritis. IgA deficiency can also be associated with eosinophilic gastroenteritis and may be related to the increased rate of atopy or to occult GI infection in these patients.

### Clinical and Diagnostic Studies {#s0470}

In general, these disorders present with symptoms related to the degree and area of the GI tract affected. The mucosal form of eosinophilic gastroenteritis (the most common variant) is characterized by abdominal pain, bloody stools, diarrhea, failure to thrive, iron-deficiency anemia, malabsorption, protein-losing enteropathy, and vomiting. In the muscularis form, thickening of the bowel wall may result in GI obstructive symptoms. The serosal form is characterized by exudative ascites.

There are no standards for the diagnosis of eosinophilic gastritis or gastroenteritis, but the presence of increased eosinophils in biopsy specimens, infiltration of eosinophils within intestinal crypts and gastric glands, lack of involvement of other organs, and exclusion of secondary causes of eosinophilia support a diagnosis of eosinophilic gastroenteritis. Patients with eosinophilic gastritis may have micronodules (and/or polyposis), and these lesions often contain aggregates of lymphocytes and eosinophils. Food allergy and peripheral eosinophilia may be present but are not required for diagnosis.

### Treatment {#s0475}

Eliminating foods implicated by skin prick or radioallergosorbent (RAST) testing has variable results, whereas complete resolution is generally achieved with amino acid-based elemental diets. Once remission has been achieved by dietary modification, specific food groups are reintroduced (at approximately 3-week intervals for each food group), and endoscopy is reperformed to identify sustained remission or disease flares.

Systemic or topical steroids are the main therapy when diet restriction has failed or is not feasible. For systemic steroid therapy, a course of 2--6 weeks of therapy with relatively low doses seems to work better than a 7-day course of glucocorticoid bursts. Various topical glucocorticoid preparations are designed to deliver drugs to specific segments of the GI tract \[e.g., budesonide tablets (Entocort EC) targeted to the ileum and proximal colon\]. As with asthma, topical steroids have a better risk--benefit ratio than systemic steroids. In cases refractory to or dependent on glucocorticoid therapy, parenteral nutrition or antimetabolite therapy (azathioprine or 6-mercaptopurine) may help.

Drugs such as cromoglycate, ketotifen, mycophenolate mofetil (an inosine monophosphate dehydrogenase inhibitor), suplatast tosilate, and various alternative therapies are not generally very useful, although successful long-term remission of eosinophilic gastroenteritis has been reported following montelukast treatment. Use of proton-pump inhibitors can improve symptoms and the degree of esophageal and gastric pathology, even if GERD is not present.

### Prognosis {#s0480}

The natural history of eosinophilic gastritis, enteritis, and gastroenteritis is not well documented; however, they are often chronic, relapsing/remitting diseases. When the disease presents in infancy and specific food sensitization can be identified, remission is likely by late childhood. In food antigen-induced disease, abnormal levels of circulating IgE and eosinophils often serve as markers for tissue involvement/relapse. As noted earlier, due to concern for HES, routine surveillance of the cardiopulmonary system is recommended.

Eosinophilic Colitis {#s0485}
--------------------

Colonic eosinophilia occurs in a variety of disorders, including allergic colitis of infancy, drug reactions, eosinophilic gastroenteritis, infections (e.g., helminths), IBD, and vasculitis (e.g., Churg--Strauss syndrome). Allergic colitis in infancy (or dietary protein-induced proctocolitis of infancy syndrome) is the most common cause of bloody stools in the first year of life. Similar to other EGID, these disorders are classified into primary and secondary.

### Etiology {#s0490}

In contrast to other EGID, eosinophilic colitis is usually not IgE associated. Some studies point to a T cell-mediated process, though the exact mechanism is unclear. Allergic colitis of infancy may be an early expression of protein-induced enteropathy. Cow's milk and soy proteins are the foods most frequently associated, but other food proteins can also induce this disorder. Interestingly, this condition may more commonly occur in infants who are exclusively breastfed and can occur in infants fed with protein hydrolysate formulas. An association between allergic colitis and the later development of IBD has been reported but remains controversial.

### Clinical and Diagnostic Studies {#s0495}

Similar to eosinophilic gastroenteritis, the symptoms of eosinophilic colitis vary depending on the degree and location of tissue involvement. Although diarrhea is a classic symptom, symptoms that can occur independent of diarrhea commonly include abdominal pain, anorexia, and weight loss. In infants, bloody diarrhea precedes diagnosis by several weeks, and anemia due to blood loss is not uncommon. Most infants affected do not have constitutional symptoms and are otherwise healthy. There is a bimodal age distribution, with the infantile form presenting with a mean age at diagnosis of approximately 60 days, and the second group presenting during adolescence and early adulthood.

There is no single gold standard diagnostic test, but peripheral blood eosinophilia or eosinophils in the stool are suggestive of eosinophilic colitis. On endoscopic examination, patchy erythema, loss of vascularity and lymphonodular hyperplasia are seen; findings are mostly localized to the rectum but can affect the entire colon. Histological examination often reveals preservation of mucosal architecture, with focal aggregates of eosinophils in the crypt epithelium, lamina propria, and muscularis mucosa and occasionally, multinucleated giant cells in the submucosa.

### Treatment {#s0500}

Treatment of eosinophilic colitis varies according to the disease subtype. Clinical symptoms of eosinophilic colitis of infancy resolve within 72 hours of withdrawal of the offending protein. Treatment of eosinophilic colitis in older patients, for which IgE-associated triggers are rarely identified, usually requires medical management. Anti-inflammatory drugs, including aminosalicylates and systemic or topical steroids, are commonly used and appear to be efficacious, but clinical trials have not been conducted. Several forms of rectally delivered glucocorticoids treat the distal colon, though eosinophilic colitis typically also involves the proximal colon. In cases refractory or dependent on systemic glucocorticoid therapy, parenteral nutrition or antimetabolite therapy (azathioprine or 6-mercaptopurine) are alternatives.

### Prognosis {#s0505}

Eosinophilic colitis presenting in the first year of life has a very good prognosis with the vast majority of patients able to tolerate the culprit food(s) by 1--3 years of age. The prognosis for eosinophilic colitis developing in adolescence or adulthood is less favorable. As with eosinophilic gastroenteritis, the natural history has not been studied, and this disease is considered to be a chronic relapsing/remitting disorder. Because eosinophilic colitis can often be a manifestation of other disease processes, ruling out autoimmune disease and other secondary causes of eosinophilia is recommended.

Evaluation of Hypereosinophilic Syndrome in Eosinophilic Gastrointestinal Disorders Patients {#s0510}
--------------------------------------------------------------------------------------------

The term HES describes patients with systemic symptoms due to marked eosinophilia. Diagnostic criteria for HES include persistent eosinophilia of at least 1500 cells/mm^2^ for a sustained duration; lack of known causes of eosinophilia; and symptoms and signs of organ system involvement. Patients with EGID and blood eosinophil counts greater than 1500/mm^2^ meet these diagnostic criteria but generally do not have the high risk of life-threatening complications associated with classic HES (i.e., cardiomyopathy or central nervous system involvement).

As is true in any patient with prolonged and marked eosinophilia, HES patients are prone to develop eosinophilic endomyocardial disease with embolization. Thus, routine echocardiograms are warranted in patients with EGID and peripheral blood eosinophilia. Additionally, the diagnosis of HES should be considered in patients with EGID who develop extra-GI manifestations. Additional testing may include bone marrow analysis (searching for myelodysplasia), serum tryptase and vitamin B12 levels (both moderately elevated in classic HES), and genetic analysis for the FIP1-like 1/platelet-derived growth factor receptor-α (*FIP1L1*--*PDGFRA*) fusion event.

A major advance in our understanding of HES has come about through treatment of HES with imatinib mesylate, a tyrosine kinase inhibitor. In many HES patients, treatment with imatinib mesylate dramatically reduces peripheral blood and bone marrow eosinophils, suggesting that certain HES patients express a kinase that is sensitive to imatinib mesylate. A fusion gene, the result of an 800-kb deletion in chromosome 4, yields a novel activated kinase (FIP1L1--PDGFR). FIP1L1--PDGFR is inhibited by imatinib *in vitro*, explaining the sensitivity of HES patients to imatinib. Those responsive to imatinib are typically 20--50-year-old males who present with marked peripheral eosinophilia (i.e., classic HES). These patients have been shown to meet minor criteria for systemic mastocytosis, having elevated levels of serum mast cell tryptase and high numbers of dysplastic mast cells in the bone marrow.

Conclusion {#s0515}
----------

EGID are now being recognized more frequently. They have strong genetic and allergic components and share clinical and immunopathogenic features with asthma. EGID are associated with a variety of nonspecific common GI symptoms and laboratory findings, making their diagnosis dependent on microscopic examination biopsies and ruling out of other eosinophil-associated disease.

Eosinophils have potent proinflammatory effects mediated by their cytotoxic granule constituents and various lipid mediators and cytokines. In T~h~2-associated GI inflammatory conditions, eosinophilia in the lamina propria is dependent on IL-5 and eotaxin. Esophageal eosinophilia can be induced experimentally by pulmonary deposition of aeroallergens or the T~h~2 cytokine, IL-13.

Many new therapeutic approaches are now being developed for EGID, including eotaxin-3 receptor/CCR3 antagonists, eotaxin-3 blockers, humanized anti-IL-5, and IL-4/IL-13 inhibitors. However, although much progress has been made concerning GI eosinophils and EGID, there is still a paucity of knowledge compared with other cell types and GI diseases that may be even less common (e.g., IBD). A better understanding of the pathogenesis and treatment of EGID will emerge by combining comprehensive clinical and research approaches involving experts in the fields of allergy, gastroenterology, nutrition, and pathology.

Chapter 13.9. Rare Hypereosinophilic Syndromes {#sc9}
==============================================
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Hypereosinophilic syndrome is defined as blood eosinophilia of \>1500/mm^3^ on at least two separate occasions or evidence of prominent tissue eosinophilia associated with symptoms and marked tissue eosinophilia in the absence of secondary causes. The workup for secondary causes of eosinophilia consists of determining exogenous triggers such as medications, parasitic diseases, and a comprehensive clinical and laboratory evaluation. With advances in molecular diagnostics, hypereosinophilic syndrome is increasingly being recognized as a heterogeneous group of rare disorders with differing pathogenesis. Knowledge of the pathogenesis of distinct variants of HES has improved approaches to therapy.

Introduction {#s0520}
------------

Although case reports describing eosinophilic infiltration of tissues accompanied by pronounced peripheral eosinophilia have existed since the 1950s, the concept of a hypereosinophilic syndrome (HES) was not introduced until 1975 in a landmark paper by Chusid and colleagues.[@bib486] The original description of HES was based largely on clinical findings highlighting the heterogeneous presentations of HES and proposed the following diagnostic criteria:[@bib486] blood eosinophilia \>1500/mm^3^ for at least 6 months (or death before 6 months with signs and symptoms of eosinophilic disease);[@bib487] lack of evidence for allergic, infectious, parasitic, or other known causes of eosinophilia; and[@bib488] presumptive signs of organ involvement. Since that time, the evolution of diagnostic testing has led to the identification of several HES variants with defined etiologies. Furthermore, the availability of novel targeted therapies precludes waiting 6 months for a diagnosis. As a result, several new conflicting classification schemes have been proposed.

The 2008 World Health Organization (WHO) classification specifically distinguishes between HES and eosinophilic disorders with proven clonal populations of myeloid or lymphoid origin.[@bib487] Although correct from a diagnostic standpoint, there are many issues that are not addressed, namely the clinical overlap between patients with a detectable clonal population and those with similar disease in whom the mutation is not detectable with current techniques, and the heterogeneity of patients with nonclonal HES. In contrast, an HES classification scheme proposed at a 2005 NIH-sponsored workshop,[@bib488] and subsequently refined by the same authors, groups clinically similar disorders with known and unknown etiologies into HES variants. Although useful from the standpoint of treatment approaches, this approach creates confusion with respect to diagnostic labels, since a patient with proven clonal eosinophilia is classified as having both HES and chronic eosinophilic leukemia (CEL).[@bib488]

Despite these limitations, for the purposes of this subchapter, HES will be defined as [@bib486] blood eosinophilia of \>1500/mm^3^ on at least two separate occasions or evidence of prominent tissue eosinophilia associated with symptoms and marked tissue eosinophilia, and [@bib487] exclusion of secondary causes of eosinophilia, such as drug hypersensitivity, hypoadrenalism, and parasitic infection.[@bib489] The approach to classification, diagnosis, pathophysiology, and treatment of the various forms of HES and other rare manifestations of eosinophilic disease will be discussed.

Epidemiology {#s0525}
------------

Hypereosinophilic syndromes are rare diseases, and correct estimates of incidence and prevalence are unavailable. By extrapolation from the Surveillance, Epidemiology and End Results (SEER) database of cancer statistics in the United States, the incident rate of HES has been estimated to be between 0.018 and 0.036 per 100,000 person-years in the period from 2001 to 2005. The calculated prevalence was estimated at 0.36--6.3 per 100,000.[@bib490] These estimates are approximations and rely on coding of eosinophilia by individual physicians. In addition, the lack of specific codes for HES variants precludes a more specific characterization of incidence. Unified comprehensive patient databases would be useful in this regard. HES characteristically develops between the ages of 20 and 50 years; however, young children and the elderly can also be affected. A male predominance has been described, although this is due primarily to overrepresentation of males with the FIP1-like 1/platelet-derived growth factor receptor-α *(FIP1L1/PDGFRA)* mutation in most series.[@bib491]

Diagnosing Rare Hypereosinophilic Syndromes {#s0530}
-------------------------------------------

Hypereosinophilia may be attributable to secondary causes requiring specific treatment. Therefore, a careful history and physical examination are of paramount importance for making the correct diagnosis ([Fig. 13.9.1](#f0090){ref-type="fig"} ). The history should include the degree and duration of eosinophilia, with documentation if available. Specific symptoms related to individual organ systems should be elicited, as patients can present with a multitude of findings ranging from the most common complaints of skin involvement to more rare presentations of connective tissue or ocular involvement. Pertinent medication, occupational, and travel histories should also be obtained to exclude drug allergy, hypersensitivity reactions, and helminth infections, respectively. A family history of eosinophilia should also be investigated.FIGURE 13.9.1Approach to diagnosis and treatment.B12, vitamin B12; CK, creatine kinase; CT, computerized tomography; EKG, electrocardiogram; ESR, erythrocyte sedimentation rate; HES, hypereosinophilic syndrome; HIV, human immunodeficiency virus; IgE, immunoglobulin E; PFTs, pulmonary function tests; US, United States.

The initial physical exam should be complete, with a focus on examination for organ involvement commonly seen in eosinophilic syndromes. Notably, careful examination of the skin, abdomen (to assess organomegaly), cardiovascular system (to assess evidence of heart failure and valvular disease), lungs, neurological system (to exclude neuropathy) should be performed.

Finally, laboratory and diagnostic testing for eosinophilia should be directed by the history and prior physical findings, but should include basic testing to assess end-organ involvement ([Fig. 13.9.1](#f0090){ref-type="fig"}). Initial laboratory evaluation should include, at a minimum, a complete blood count (CBC) with a differential, chemistry panel to assess creatine kinase, creatinine, electrolytes, erythrocyte sedimentation rate (ESR), liver enzymes, quantitative immunoglobulin E (IgE), levels serum B12, and serum tryptase. Assessment of cardiac status should include echocardiogram, electrocardiogram (EKG), and measurement of serum troponin. Spirometry with assessment of lung volumes and diffusion capacity should be performed to assess occult pulmonary involvement. Often the initial evaluation will determine the need for further testing. For example, a patient with asthma and sinusitis should be screened for Churg-Strauss syndrome (CSS) with serum anti-neutrophil cytoplasmic antibody (ANCA). Electrolyte abnormalities with eosinophilia might necessitate a work-up for hypoadrenalism. Findings of anemia, neutropenia, or thrombocytopenia would initiate a search for hematological disorders, including CEL. A pertinent drug history should prompt discontinuation of potentially offending agents to see if the eosinophilia resolves. Exceedingly uncommon in secondary eosinophilia, an elevated serum B12 or tryptase level should prompt evaluation for CEL and systemic mastocytosis (SM).

If no secondary or reactive cause is identified, one can reasonably proceed to further evaluation for HES and other rare eosinophilic disorders. Additional screening tests at this point should include computed tomography (CT) of the abdomen, chest, and pelvis, and bone marrow examination to assess cellularity, dysplastic changes of either eosinophils or mast cells, eosinophil precursors, mast cell numbers, and myelofibrosis. Cytogenetic analysis of dividing cells should be performed, as well as specific testing by real-time polymerase chain reaction (RT-PCR) or fluorescence *in situ* hybridization (FISH) for the most common genetic abnormalities associated with eosinophilia, including *PDGFR*-associated CELs. D816V *KIT* analysis should also be performed to exclude SM in patients with elevated serum tryptase and/or suggestive findings on bone marrow biopsy. T-cell clonality should be assessed by RT-PCR for T-cell receptor rearrangement and/or flow cytometry. Phenotypic assessment should also be performed to identify aberrant populations of T cells that may or may not be clonal and should include CD3, CD4, CD8, and if possible CD5 and CD7. Aberrant T-cell populations often exhibit elevated intracellular interleukin-4 (IL-4), IL-5, and IL-13 levels;[@bib492] however, intracellular cytokine analysis is not routinely available except at specialized academic centers. Various biomarkers have been clinically correlated with particular variants of HES, including serum B12 and tryptase elevation in myeloproliferative forms of HES and elevated serum IgE and thymus and activation-regulated chemokine (TARC)/C-C motif chemokine 17 (CCL17) levels in lymphocytic variant HES and are discussed further in the next section. It is important to recognize that the diagnosis of HES is an iterative process and may be revisited if new clinical findings develop and as new biomarkers and diagnostic tests become available.

Hypereosinophilic Syndrome Variants {#s0535}
-----------------------------------

As stated in the introduction, the current classification of HES variants is in evolution as specific etiologies become better defined. Despite the molecular uncertainties and current unknowns, it remains useful to subdivide patients into HES variants based on clinical characteristics and a combination of molecular and biologic data ([Fig. 13.9.2](#f0095){ref-type="fig"} ), since this has important implications regarding prognosis, monitoring, and treatment. Unfortunately, the vast majority (60--70%) of patients with HES remain classified as idiopathic. In the following section, we discuss HES variants in further detail with a focus on clinical features, diagnosis, mechanisms, pathogenesis, and treatment. Areas with considerable controversy surrounding either diagnosis or treatment are also addressed.FIGURE 13.9.2Classification of hypereosinophilic syndrome.Dashed arrows identify variants of hypereosinophilic syndrome (HES) that are thought to be T cell-mediated.(Reproduced with permission from Elsevier[@bib489]).

### Lymphocytic Variant Hypereosinophilic Syndrome {#s0540}

#### Mechanisms and Pathogenesis {#s0545}

Lymphocytic variant HES (L-HES) is defined by the expansion of an aberrant and/or clonal T-lymphocyte population with increased production of eosinophilopoietic cytokines in a patient who meets criteria for HES. Historically, the evidence for T-cell-mediated pathogenesis came to light when peripheral T-cell clones generated from a patient with HES were cultured with bone marrow progenitors, leading to outgrowth of eosinophilic colonies in culture.[@bib493] Further studies demonstrated that IL-5 was overproduced; however, other cytokines such as IL-2, interferon γ (IFN-γ), and additional T-helper type 2 (T~h~2) cytokines, IL-4 and IL-13, may also be increased in individual clones.[@bib494]

#### Clinical Features and Diagnosis {#s0550}

L-HES affects males and females in equal proportions. Patients frequently have elevated serum IgE levels and skin involvement, ranging from urticaria and eczematous rashes to subcutaneous involvement with angioedema. Rare patients present with cyclic eosinophilia and angioedema in the setting of an abnormal lymphocyte population (Gleich's syndrome). Lymphadenopathy and splenomegaly are uncommon except in the case of occult lymphoma, and bone marrow examination is generally normocellular with increased eosinophils. In contrast to the myeloproliferative variant, life-threatening end-organ involvement, including endomyocardial fibrosis, neurologic complications, and hypercoagulability are extremely rare in L-HES. Furthermore, L-HES is usually glucocorticoid-responsive, although moderate to high doses may be necessary to control symptoms.

Blood counts reflect elevated eosinophil levels; there may be lymphocytosis, but this is uncommon. There is often a polyclonal expansion of IgG or IgM, and markers of inflammation, such as ESR and C-reactive protein (CRP), and T-cell activation, such as CCL17, may be elevated. Thrombocytosis may also be present. The majority of aberrant T-cell populations in L-HES are detectable by flow cytometry using standard panels. Although CD3^−^CD4^+^ is the most common phenotype, CD3^+^ CD4^−^ CD8^−^ and CD4^+^ CD7^dim/−^ have also been described in some patients.[@bib495] It is important to include appropriate markers to distinguish these cell populations from monocytes, especially if CD4 expression is decreased,[@bib494] and to exclude T-cell lymphomas that may present with eosinophilia, including cutaneous T-cell lymphoma[@bib496] and angioimmunoblastic T-cell lymphoma. Clonal populations of IL-5-producing cells with a normal surface phenotype have also been described in L-HES. Consequently, T-cell receptor (TCR) rearrangement analysis and/or assessment of clonality by flow cytometry using TCR-Vβ staining should be performed. Demonstration of increased T~h~2 cytokine production by the aberrant and/or clonal T-cell population by intracellular flow cytometry is also diagnostic, but is impractical at most centers.[@bib497]

#### Therapy {#s0555}

The decision to treat L-HES patients depends on the nature and extent of disease. Patients with clinical manifestations attributable to the eosinophilia should be treated initially with corticosteroids (20--60 mg prednisone/d depending on the severity of the signs and symptoms), reducing slowly to the lowest dose that suppresses symptoms and eosinophilia. Steroid-sparing agents should be considered for patients with elevated eosinophil counts and symptoms requiring moderate to high dose (\>10--15 mg prednisone equivalent daily) corticosteroids. Aims of therapy should be to reduce disease manifestations and prevent organ dysfunction. A number of steroid-sparing agents targeting T cells have been tried with variable success.[@bib491] Among currently available agents, IFN-α (at a dose range of 1--3 mU daily) has shown the greatest efficacy. Due to *in vitro* data demonstrating decreased apoptosis of the clonal population in the presence of IFN-α, concomitant low dose corticosteroid therapy is recommended in patients with L-HES.[@bib498] More recently, anti-IL-5 therapy with mepolizumab (available only for compassionate use through GlaxoSmithKline) has been shown to be safe and effective as a steroid-sparing agent in this subgroup of patients.[@bib499]

It is important to monitor patients with a clonal T-cell population for progression to T-cell lymphoma throughout the course of their disease. This may be preceded by lymphadenopathy, expansion of the clone, and/or the development of cytogenetic abnormalities. Yearly bone marrow examination with karyotyping has been recommended,[@bib494] although the impact of this approach on prognosis is unknown.

### Myeloproliferative Variant Hypereosinophilic Syndrome {#s0560}

#### Mechanisms and Pathogenesis {#s0565}

The most common cause of marked eosinophilia with myeloproliferative features is an interstitial deletion in chromosome 4q12 between *FIP1L1* and the tyrosine kinase, *PDGFRA*, that results in the fusion gene product *FIP1L1/PDGFRA*.[@bib500] Other *PDGFRA* fusion partners have been identified, but are less common. Colony forming assays using an *FIP1L1/PDGFRA* reporter showed that expression of the fusion gene in human hematopoietic progenitors induces differentiation of erythrocytes and neutrophils in addition to eosinophils,[@bib501] and multiple lineages, including B- and T-lymphocytes, monocytes, mast cells, and neutrophils, can express the fusion gene in affected patients.[@bib502] Current data suggest, however, that the detrimental clinical effects are mediated primarily by eosinophils. In fact, the clinical presentation of *FIP1L/PDGFRA*-positive CEL is indistinguishable from that of a subset of idiopathic HES patients with myeloproliferative features.

A number of other myeloproliferative disorders (MPDs) can present with marked blood and bone marrow eosinophilia and have been defined at the molecular level. These include *PDGFRB*-associated chronic myelomonocytic leukemia (CMML), Janus kinase 2 (*JAK2*)-associated MPDs, 5q- syndrome and D816V *KIT*-associated SM. Although SM shares bone marrow features with *FIP1L1/PDGFRA*-positive CEL, the clinical presentation is often quite different from HES[@bib503] and the eosinophils are not usually implicated in disease pathogenesis.

#### Clinical Features and Diagnosis {#s0570}

Myeloproliferative variant HES (MHES) is the most aggressive form of HES, with fatality rates of up to 50% at 3 years prior to the availability of imatinib therapy. Patients are predominantly male with a near 100% male predominance in *PDGFRA*-associated disease. MHES typically presents between the ages of 25 and 50 years, although children and the elderly can be affected. The clinical presentation ranges from fatigue and malaise to endomyocardial fibrosis and stroke. Splenomegaly is common and characteristic laboratory findings include anemia and thrombocytopenia, occasional neutrophilia, and elevation of serum B12 and tryptase levels. Bone marrow examination reveals a hypercellular marrow with increased and dysplastic eosinophils and eosinophil precursors, fibrosis, and, in most cases, a concomitant increase in atypical mast cells. Eosinophilia is unresponsive to corticosteroids in most patients with MHES.

Although the existence of a myeloproliferative (*leukemic*) variant of HES had long been recognized, the availability of molecular testing has revolutionized diagnosis of this syndrome. The *FIP1L1/PDGFRA* fusion gene can be detected either by RT-PCR or FISH in peripheral blood. Additional testing, including cytogenetics, FISH, and/or quantitative PCR, should be performed, as indicated, to identify other MPDs associated with peripheral eosinophilia.

#### Therapy {#s0575}

The discovery that the tyrosine kinase inhibitor, imatinib, can decrease eosinophilia and improve symptoms in patients with HES facilitated the discovery of the *FIP1L1/PDGFRA* fusion gene[@bib500] and has dramatically improved prognosis in MHES. Some patients with *FIP1L1--PDGFRA*-negative MHES also respond to imatinib. Therefore, a trial of imatinib in such patients is reasonable if they fail low dose corticosteroids, particularly in the setting of myeloproliferative features. Most *FIP1L1/PDGFRA*-positive patients achieve clinical and molecular remission within 1--2 weeks of beginning imatinib therapy and can be maintained on low-dose therapy (100 mg daily) for many years without disease progression. Although *FIP1L1/PDGFRA*-negative patients may require longer to respond, a trial of imatinib 400 mg daily for 4 weeks is sufficient to assess response. Side effects of therapy are comparable to that seen in the treatment of chronic myeloid leukemia (CML), but rarely lead to discontinuation of therapy, and the development of resistance appears to be extremely rare. Unfortunately, imatinib is not curative in MHES.[@bib504]

Since the clinical symptoms may be rapidly progressive, any new diagnosis of HES with myeloproliferative features should be evaluated without delay so that treatment can be initiated rapidly. EKG, troponin, and echocardiogram should be performed prior to initiating therapy. If cardiac dysfunction is present or serum troponin is elevated, corticosteroids should be initiated concurrent with imatinib therapy, due to reports of necrotizing myocarditis after initiation of therapy in patients with preexisting cardiac involvement. Initial monitoring on imatinib therapy should include weekly complete blood counts, liver function tests, and serum troponin levels. Bone marrow examination should be repeated at 4--8 weeks, even in the setting of hematologic response, to exclude occult leukemia or lymphoma that may have been masked by the marked eosinophilia. Long-term monitoring should include echocardiograms every 3--6 months to assess progression of disease, as well as to monitor for possible treatment-related cardiomyopathy.

For patients with *FIP1L1/PDGFRA*-positive MHES who fail or are intolerant to imatinib therapy, a trial of one of the newer tyrosine kinase inhibitors with activity against the most common resistance mutations is indicated. For *FIP1L1/PDGFRA*-negative MHES patients who fail imatinib, a step-wise approach of commonly used medications for reduction of eosinophils should be employed, balancing toxicities of the drugs and the individual patient's comorbidities. Drugs that have been used successfully include hydroxyurea, IFN-α, anti-IL-5 therapy, and vincristine.[@bib505] Patients with rapidly progressive or aggressive disease unresponsive to standard therapies should be considered for nonmyeloablative allogeneic bone marrow transplant, a strategy that has proven curative in a number of cases.[@bib506]

### Idiopathic Hypereosinophilic Syndrome {#s0580}

#### Mechanisms and Pathogenesis {#s0585}

By definition, the mechanism of pathogenesis in idiopathic HES is unknown. Similar to other forms of HES, pathogenesis is due to tissue infiltration by eosinophils, with deposition of granule proteins and release of inflammatory mediators.

#### Clinical Features and Diagnosis {#s0590}

Patients with idiopathic HES may have relatively few or no symptoms (benign eosinophilia) or a wide variety of manifestations attributable to eosinophilic infiltration of target organs. The most commonly affected organs are the gastrointestinal tract, lungs, and skin ([Fig. 13.9.3](#f0100){ref-type="fig"} ).[@bib491] Nonspecific symptoms, including arthralgias, fatigue, malaise, and myalgias, are also common. Cardiac manifestations, including eosinophilic myocarditis and endomyocardial fibrosis, and neurological involvement each occur in 15--20% of patients with idiopathic HES and are major causes of morbidity and mortality in this patient group.FIGURE 13.9.3*A*, Presenting end-organ involvement. *B*, Eventual end-organ involvement.

Two areas of confusion with regards to secondary forms of eosinophilia may delay treatment for true HES. The first involves appropriate testing to rule out parasitic disease. Prompt referral to an infectious disease specialist can target helminth infection testing based on the patient's travel history and likelihood of exposure. Whether to empirically treat for *Strongyloides* according to Centers for Disease Control and Prevention (CDC) guidelines is an area of controversy. Recommendations of the CDC are that all patients who are 'at risk of disseminated strongyloidiasis should be treated.' The drug of choice for treatment of uncomplicated strongyloidiasis is ivermectin. The second area of confusion is that of medications causing hypersensitivity syndromes such as drug reaction with eosinophilia and systemic symptoms (DRESS). Many drugs can cause eosinophilia starting from days to years after initiation. Simplification of drug regimens can vastly improve the ability to make the diagnosis of HES. Once the diagnosis of HES is made, the decision to treat is tailored to the likely etiology.

#### Therapy {#s0595}

Since patients with idiopathic HES are heterogeneous in their presentation, virtually all treatment must be individualized based on the presence of signs and symptoms and the likelihood of disease progression with end-organ involvement. Although the discovery of imatinib has dramatically altered prognosis in myeloproliferative HES, and in particular for patients with *FIP1L1/PDGFRA*-positive CEL, patients with idiopathic HES are much less likely to respond.

Corticosteroids remain first-line therapy for the majority of patients with HES, including L-HES, although many patients require moderate to high doses or develop significant steroid-related toxicity. Patients who fail to respond to corticosteroids or have significant side effects from prolonged high dose therapy should be considered for second-line therapy. A short (4--6 week) trial of imatinib, the only United States Food and Drug Administration (FDA)-approved drug for the treatment of HES, may be warranted in steroid-resistant patients.

Hydroxyurea is the most commonly used of the cytotoxic medications and has been used alone or in combination with IFN-α at doses ranging from 500 mg to 3 g daily. It can be associated with cytopenias or other adverse effects at high doses, thus limiting its use as a solitary agent. Furthermore, hydroxyurea may be associated with an increased risk of secondary malignancy with prolonged use. Of the immunomodulatory medications, IFN-α is most frequently used and at doses of 1--3 mU daily is effective in up to 30% of patients.[@bib491] Prolonged remission of clinical symptoms and eosinophilia has rarely been reported after prolonged IFN-α use or when INF-α is used in combination with cytotoxic medications.[@bib507] Other cytotoxic and immunomodulatory agents have been used with varied success and include cytosine arabinoside (ara-C),[@bib508] vincristine,[@bib505] alemtuzumab,[@bib509], [@bib510] intravenous immunoglobulin,[@bib511] cyclosporine,[@bib512] cyclophosphamide,[@bib513] azathioprine, and methotrexate. However, bone marrow transplantation remains the only curative therapy.[@bib506]

### Familial Eosinophilia {#s0600}

#### Clinical Features {#s0605}

Familial hypereosinophilia is an autosomal dominant disorder discovered in one kindred family. Eosinophilia is present at birth in affected individuals and remains remarkably stable over time. Although the index case and his sister presented with eosinophilic end-organ involvement (endomyocardial fibrosis and peripheral neuropathy) that progressed despite therapy, most affected family members have followed a benign course despite eosinophil counts ranging from 2000--5000/mm^3^ over many years without treatment.[@bib514] There have been isolated reports of additional families with eosinophilia, but no clear genetic inheritance pattern has been found. Common environmental exposures, including helminth infection, must be excluded prior to attributing the eosinophilia to a familial origin.

#### Mechanisms and Pathogenesis {#s0610}

The genetic defect in familial hypereosinophilic syndrome is not known. The gene has been mapped to an area on chromosome 5q harboring the cytokine gene cluster;[@bib515] however, sequencing of a number of candidate genes in this region, including GM-CSF, IL-3, and IL-5, has failed to identify polymorphisms that could account for the affected phenotype. Additional sequencing is currently under way. Eosinophils from affected family members appear to be less activated than those from patients with HES, coincident with the general lack of eosinophil-mediated pathology.[@bib514] No further family members have developed organ involvement, thus precluding further studies of disease pathogenesis in this disorder.

### Organ-Restricted Eosinophilia {#s0615}

Single organ eosinophilic tissue infiltration has been described for nearly all organ systems, although isolated involvement of the skin, lung or gastrointestinal tract is most common. The mechanism whereby certain tissues are targeted preferentially over others is not well understood. Some organ-restricted disorders, such as eosinophilic esophagitis, have distinct clinical presentations and rarely progress to multiorgan involvement even in the presence of marked peripheral eosinophilia. Other disorders, such as chronic eosinophilic pneumonia (CEP), may overlap considerably in presentation with, or be the initial manifestation of, systemic HES. Treatment varies depending on the specific clinical manifestations, but local or systemic corticosteroids are often effective. It is beyond the scope of this subchapter to discuss all organ-restricted eosinophilic syndromes, several of which are covered in other subchapters. Consequently, only a few examples are provided to illustrate the diversity of syndromes seen.

#### Pulmonary Eosinophilia {#s0620}

Eosinophilia restricted to the lung, with or without peripheral eosinophilia, is associated with a wide variety of allergic, infectious, inflammatory, and neoplastic disorders, including asthma, allergic bronchopulmonary aspergillosis, drug hypersensitivity reactions, fungal pneumonia, helminth infection, and sarcoidosis. Pulmonary eosinophilia can also be the first indicator of systemic eosinophilic diseases, including CSS. When no trigger is identified and disease remains restricted to the lung, pulmonary eosinophilia can be classified into two distinct syndromes: acute eosinophilic pneumonia (AEP) and CEP.

AEP typically occurs in healthy men between the ages of 20 and 40  years without a history of asthma. Symptoms include the abrupt onset of dyspnea, fever, malaise, night sweats, nonproductive cough, and pleuritic chest pain, and respiratory failure requiring mechanical ventilation is common. Physical examination may reveal bibasilar rales or rhonchi. Radiological findings include diffuse alveolar infiltrates or reticular opacities in the early stages and bronchoscopy reveals increased absolute eosinophil counts as well as an increased percentage of eosinophils (\>25%) relative to the total inflammatory cell content.[@bib516] Whether an environmental exposure plays a role in the pathophysiology remains controversial. Patients typically respond well to high-dose corticosteroid therapy despite respiratory failure at presentation, and long-term sequelae are extremely uncommon.

CEP presents as a subacute illness, often mistaken for asthma in the early stages. It progresses to involve similar symptoms of cough and dyspnea, and is occasionally associated with constitutional symptoms of fever, sweats, and weight loss. Physical exam findings are similar to AEP, with wheeze and or crackles being present in most cases. Radiological findings typically show peripheral infiltrates. Bronchoalveolar lavage fluid (BALF) shows an eosinophil predominance. While patients may respond initially to corticosteroids, many relapse and may require long-term corticosteroid treatment. Peripheral eosinophilia of \>1000/mm^3^ is common, but not universal.[@bib517]

#### Eosinophilic Hepatitis {#s0625}

Eosinophilia of the liver may occur in primary liver diseases, such as primary biliary cirrhosis or autoimmune hepatitis, in the setting of hepatobiliary involvement by helminth infections, including clonorchiasis and schistosomiasis, or secondary to a wide variety of prescription and nonprescription drugs. Primary eosinophilic hepatitis with or without peripheral eosinophilia is, however, relatively rare. Early studies using immunohistochemistry implicated eosinophils in the pathogenesis of progression to chronic hepatitis by demonstrating major basic protein and activated, degranulated eosinophils in close proximity to affected hepatocytes.[@bib518] Hepatic cholangiopathy, fibrosis and liver failure have been reported, although most patients in the literature have been responsive to corticosteroids or hydroxyurea.

#### Eosinophilic Cystitis {#s0630}

Eosinophilic cystitis is a rare disorder, primarily seen in children, that presents with dysuria, gross hematuria, or suprapubic pain. Urinalysis may reveal microscopic hematuria or pyuria. Cystoscopy often reveals bladder wall erythema, edema, or nodules, and the diagnosis is made histologically from biopsies of the bladder.[@bib519] Infrequently, necrosis or fibrosis can be present with delayed diagnosis. It is important to exclude bladder cancer, since eosinophilic cystitis may be present in the setting of bladder cancer. Treatment with antihistamines, nonsteroidal anti-inflammatory medications, fulguration and steroids were reported to be successful in one series.[@bib520]

### Overlap Syndromes with Hypereosinophilic Syndrome {#s0635}

A number of systemic disorders have overlapping clinical presentations with HES. Of these, the two most common are SM and CSS. SM is a myeloproliferative disorder, most commonly associated with a D816V mutation in *KIT*. Patients typically present with symptoms related to mast cell tissue infiltration and mediator release, including anaphylaxis, diarrhea, flushing, and urticaria. Diagnosis is based on the presence of major and minor criteria according to the WHO classification.[@bib487] D816V-positive SM with eosinophilia (SM-eo) is clinically distinct from *FIP1L1-PDGFRA*-positive CEL and can be distinguished using molecular and clinical findings.[@bib503]

CSS is a distinct multisystem disorder that is characterized by the presence of eosinophilic vasculitis in the setting of asthma, pulmonary infiltrates, sinusitis with polyps, and marked peripheral eosinophilia. ANCA may be present and appears to be associated with a more severe course, often with renal involvement. Definitive diagnosis can be made by tissue biopsy demonstrating granulomata and necrotizing eosinophilic vasculitis. Significant overlap in clinical presentation with idiopathic HES can cause diagnostic confusion, particularly since corticosteroids must often be initiated to prevent serious end-organ damage before appropriate biopsies can be obtained.[@bib521]

### Other Disorders Associated with Eosinophilia {#s0640}

Marked eosinophilia can be seen in association with immunodysregulation of varied etiologies, including primary immunodeficiencies, secondary immunodeficiencies \[e.g., human immunodeficiency virus (HIV) infection\], and autoimmune disorders ([Table 13.9.1](#t0045){ref-type="table"} ). In general, the peripheral eosinophilia seen in these disorders is not associated with characteristic end-organ manifestations. Exceptions include Omenn syndrome and Dock8 deficiency, which may present with eosinophilic tissue infiltration involving the skin or other organs.[@bib522], [@bib523] In some disorders, including autoimmune lymphoproliferative syndrome (ALPS) and HIV, peripheral eosinophilia reflects more profound immunodysregulation and in some cases may portend a worse prognosis.[@bib524], [@bib525] TABLE 13.9.1Selected Disorders Associated with Immune Deficiency or Dysregulation and EosinophiliaDisorders Associated with Eosinophilia[∗](#tbl13_9_1fnlowast){ref-type="table-fn"}Autoimmune disordersALPSConnective tissue disorders (e.g., dermatomyositis and rheumatoid arthritis)Human immunodeficiency virus infectionInflammatory bowel diseaseNeoplasms (e.g., adenocarcinoma, lymphocytic leukemia, and lymphoma)Primary immunodeficienciesIPEX (immunodysregulation polyendocrinopathy enteropathy X-linked syndrome)DIDS (Dock8 immunodeficiency syndrome)Omenn syndromeHyper-IgE syndrome (Job syndrome)Atypical DiGeorge syndromeSarcoidosis[^6]

Novel Therapies for Hypereosinophilic Syndrome {#s0645}
----------------------------------------------

Improved understanding of the pathogenesis of eosinophilic disorders, including eosinophilic asthma, has led to the development of a number of novel agents, including agents targeting IL-5 and its receptor, although none are currently FDA approved. These are discussed in Chapter 15. Additional agents, including alemtuzumab, a monoclonal antibody that targets CD52 on aberrant T cells, and tyrosine kinase inhibitors with activity against imatinib-resistant *FIP1L1/PDGFRA*-positive mutations, have also been used with success in small numbers of patients with L-HES and CEL, respectively.[@bib509]

Conclusion {#s0650}
----------

The complexity of diagnosing and treating HES arises from the difficulty in excluding secondary forms of eosinophilia and knowing when to treat and with what medications. An understanding of underlying pathogenesis has improved genotype--phenotype classification of some eosinophilic disorders and reinforced the perception of HES as a heterogeneous group of rare disorders with differing pathogenesis, prognosis, and treatment options. Advancing knowledge of molecular pathogenesis and new genetic discoveries will provide the foundation for development of novel targeted therapies, as well as a promising outlook for the care of patients with HES.

Chapter 13.10. Eosinophils and Cancer {#sc10}
=====================================
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Common findings within tumors are areas of microthrombosis and micronecrosis. Necrosis and most forms of stress are typically associated with subsequent release of damage-associated molecular pattern molecules (DAMPs), including high mobility group B1 (HMGB1), S100 proteins, DNA, and heat shock proteins. When evaluating a tumor, it is important to assess not only the tumor cells themselves but also their microenvironment, consisting of[@bib526] the quantity and quality of tumor-surrounding stromal and inflammatory cells,[@bib527] their state of activation, and[@bib528] released factors, including DAMPs. Eosinophilia is frequently associated with several tumor types and eosinophils are also found at increased numbers within the blood and tumor following tumor immunotherapy with interleukin-2 (IL-2), IL-4, granulocyte-macrophage colony-stimulating factor, or antibody to cytotoxic T-lymphocyte protein 4. Candidates for promoting eosinophil chemotaxis into tumor tissue are the eosinophil chemotactic factors eotaxin and C-C motif chemokine 24/eotaxin 2, as well as DAMPs which are released following necrosis or during periods of hypoxic, nutrient, or oxidant stress. By acting as *danger signals*, DAMPs not only induce angiogenesis but also activate eosinophils that are capable of oxidizing and thus inactivating DAMPs. Tumor-associated eosinophils have at least two dominant nonoverlapping activities:[@bib526] destructive effector functions potentially limiting tumor growth as well as causing recruitment and activation of other leukocytes; and[@bib527] immunoregulatory and remodeling activities that may suppress immune responses.

Inflammation and Necrosis are Major Components of the Epithelial Tumor Microenvironment {#s0655}
---------------------------------------------------------------------------------------

Advanced epithelial tumors typically undergo necrosis with subsequent release of damage-associated molecular pattern molecules (DAMPs).[@bib526] Tumor cells are dependent on the host-created microenvironment, including endothelial cells, inflammatory cells, and stromal cells. This makes it difficult to cultivate more than a minority of tumor cells *in vitro* but, as is increasingly being understood, provides unique opportunities for cancer therapy. Thus, when evaluating a tumor, it is important to assess three elements within the microenvironment:1.Factors released by tumor cells and their surrounding cells, consisting of epithelial and endothelial cells, fibroblasts, specialized local mesenchymal cells, and infiltrating leukocytes;2.The quantity and quality of tumor-associated cells, specifically leukocytes;3.Their state of activation.The mammalian immune system reciprocally interacts within dynamic networks of tissue-associated nonimmune cells, enabling metabolic homeostasis, orderly scheduled cellular maturation and replacement, the timely eradication of effete cells, the repair of damage, and protection against pathogens. The simultaneous tolerance to self-antigens and reciprocal reactivity to new or occult antigens often occurs in settings of tissue damage and wound healing. When tissue homeostasis is perturbed, mast cells, granulocytes, and macrophages are recruited and rapidly release mediators such as cytokines, chemokines, matrix remodeling proteases and reactive oxygen species (ROS), and bioactive mediators such as histamine. These in turn induce mobilization and infiltration of additional leukocytes into damaged tissue (causing inflammation). Subsequently, the process of wound healing begins, characterized by phagocytosis of cellular debris and apoptotic cells, immune suppression, reepithelialization, and synthesis of extracellular matrix (ECM). Thus, inflammation is resolved, thereby restoring tissue homeostasis. Tumor cells, paradoxically growing in the setting of substantial necrosis and (chronic) inflammation, harness the collaborative capabilities (see below) of immune cells and local nonmutated but injured tissues to promote cell survival and proliferation, partly by releasing factors such as transforming growth factor β (TGF-β) and interleukin-10 (IL-10), leading to restoration of barrier function in epithelial tissues. The host therefore enables tumor cells to escape from eradication and to release tissue-healing factors, thereby providing neovascularization and subsequent nutritional supply to tumor cells. Wound healing and tumor stroma formation share many important properties. Nevertheless, wound healing is itself a self-limiting process, whereas tumors *addicted to death* [@bib526] release DAMPs, thereby sustaining tissue proliferation, angiogenesis and continuous leukocyte recruitment.

Prolonged (chronic) inflammation is often associated with carcinogenesis. ROS generated largely intracellularly or at the cell membrane by NADPH oxidases can also promote mutagenic changes in cells when aerobic denaturation of extracellular DAMPs is ineffective.[@bib527] Tumor necrosis factor α (TNF-α)[@bib528] and matrix metalloproteinases promote recruitment of inflammatory cells and tissue remodeling, but also facilitate tumor metastasis. A state of metabolic symbiosis[@bib529], [@bib530], [@bib531], [@bib532], [@bib533] between the tumor and the surrounding stroma, or within central hypoxic tumor cells and those at the growing rim of the tumor, allows regional variations in oxidative phosphorylation and autophagy that depend on nutrient supply and availability of molecular oxygen.

Biology of Eosinophils within Normal and Damaged Tissues {#s0660}
--------------------------------------------------------

Compartments with abundant resident populations of eosinophils include tissues with substantial cellular turnover and regenerative capacity, such as the bone marrow, primary and secondary lymphoid tissues (e.g., lymph nodes, spleen, and thymus),[@bib534] the uterus,[@bib535] and almost the entire gastrointestinal tract (with the exception of the esophagus, except under abnormal states).[@bib534], [@bib536] This link with cell turnover and tissue repair may also explain the presence of eosinophils at sites of wound repair[@bib537] and the commonality of an eosinophil infiltrate among solid tumors.[@bib538] Eosinophil localization to the lamina propria of the gastrointestinal tract is critically regulated by eotaxin/C-C motif chemokine 11 (CCL11), a chemokine constitutively expressed throughout the gastrointestinal tract.[@bib539] Nevertheless, eotaxin expression within the gastrointestinal tract (e.g., the esophagus) is by itself insufficient to induce eosinophil accumulation, because the esophagus is normally devoid of these granulocytes. This suggests the potential involvement of other eosinophil chemoattractants and activating factors that contribute to tissue-specific accumulation and degranulation. In particular, the correlation of eosinophil recruitment/activation with tissue damage and cell death associated with these inflammatory responses suggests that DAMPs may represent previously overlooked signaling molecules that elicit eosinophil agonist activities ([Fig. 13.10.1](#f0105){ref-type="fig"} ). Consistently, high mobility group box 1 (HMGB1; a prototypic DAMP molecule) serves as a chemoattractant and survival factor for eosinophilic granulocytes.[@bib540] FIGURE 13.10.1Eosinophilic and neutrophilic granulocytes are recruited to neoplastic tissue by DAMPs.DAMPs released by (necrotic) neoplastic cells recruit eosinophils and neutrophils. They in turn produce and release reactive oxygen species (ROS), inducing oxidation and degradation of tumor-related DAMPs. In addition, they initiate an acute inflammatory response to recruit, activate, and polarize B cells, cytotoxic lymphocytes, dendritic cells (DCs), and monocytes. Chronic exposure to active DAMPs promotes angiogenesis and immunosuppression by recruiting and activating endothelial cells, fibroblasts, and leukocytes such as T-regulatory (T~reg~) cells, and myeloid-derived suppressor (MDS) cells, which are important for promoting wound healing. ATP, adenosine 5′-triphosphate; HMGB1, high mobility group box 1; HSP, heat shock protein; S100, protein S100 T~h~2, T-helper type 2.

Eosinophilic granulocytes are found within necrotic tissues and the pseudocapsule surrounding tumors.[@bib541] These immune cells contain, and can release, several cationic proteins that, in addition to their toxic tissue damaging character, are also potentially important for tissue remodeling and clearing cellular debris.[@bib542] Eosinophils are thought to be, in part, responsible for the cell death and tissue damage commonly observed in disease states that are associated with increased eosinophil numbers and tissue-specific eosinophil recruitment.[@bib543]

Since the mid-1980s, eosinophils have been known to mediate their effects via at least three independent mechanisms in addition to the release of cytotoxic granule proteins, which enable them to modulate the intensity of inflammation, as well as to elicit cell death leading to the loss of tissue integrity:1.Eosinophils may act as potent regulators of local inflammatory responses.[@bib544]2.Recruited eosinophils are a source of reactive oxygenated species[@bib545] and established small molecule lipid mediators of inflammation. In particular, eosinophils generate cysteinyl leukotrienes (i.e., LTB~4~, LTC~4~, LTD~4~, and LTE~4~,[@bib546], [@bib547] 5-HETE,[@bib548] PGE~2~,[@bib549] and platelet-activating factor (PAF).[@bib550] The capability of cysteinyl leukotrienes to mediate primary inflammatory responses such as edema,[@bib551] the recruitment of other proinflammatory leukocytes,[@bib552] and the induction of tissue histopathology[@bib553] uniquely positions these molecules as mediators of inflammation.3.Eosinophils are a prodigious source of cytokines associated with tissue repair and remodeling.

A growing body of literature suggests that both immunoregulation and tissue repair/remodeling may represent important nonoverlapping eosinophil effector functions.[@bib542] A quantitative assessment of eosinophil recruitment/accumulation in solid tumors showed that the tissue eosinophilia is apparently mediated by one or more factors released directly from necrotic tissues within the tumor. Studies linking eosinophil recruitment and activations with cell death and necrosis abound.[@bib540], [@bib541], [@bib554] Thus, DAMPs released from damaged/dying epithelial cells may represent a previously underappreciated signaling event capable of mediating both eosinophil recruitment and the execution of effector functions leading to (and/or promoting) tissue repair and remodeling. In addition to their capacity to synthesize and release a variety of immunoregulatory molecules,[@bib555] some studies have suggested that eosinophils may function as antigen presenting cells (APCs)[@bib556] or enhance DC maturation.[@bib544] Eosinophils may also affect local T cell responses by modulating the balance of T-helper type 1 (T~h~1) and T~h~2 immune responses \[e.g., through eosinophil-derived indoleamine 2,3-dioxygenase (IDO) production of kynurenine[@bib557]\]. Importantly, IDO appears to be essential for the induction of tolerance by tissue recruited T cells. Thus, similar to other eosinophil-mediated immunosupressive activities (e.g., the potential induction of T-regulatory cells through TGF-β production),[@bib558] eosinophil-derived IDO may also play a crucial role in immunosuppression and potentially facilitate tissue repair and, as a by-product, tumor growth.

Eosinophils and the Immunotherapy of Patients with Cancer {#s0665}
---------------------------------------------------------

The eosinophil plays a somewhat passive role in the tumor. Eosinophils are frequently observed following immunotherapy with IL-2,[@bib559] IL-4,[@bib560], [@bib561] GM-CSF,[@bib562] repeated vaccination,[@bib563] and antibodies to CTLA-4, but the significance of their appearance remains largely unknown. In particular, the antitumor effects of successful cytokine therapy of cancer with IL-2 has been associated with the identification of degranulating eosinophils within the tumor,[@bib559] suggesting that eosinophil effector functions (e.g., direct or antibody-dependent tumor cell lysis or the immunoregulatory capacity of eosinophils modulating the local tumor microenvironment) may play a role in the anticancer activities mediated by systemic IL-2 administration.[@bib559], [@bib564] However, despite the promise of these potential eosinophil-mediated antitumor activities, the presence of eosinophils is not an important prognostic indicator in high-dose IL-2-treated patients.

Mouse studies suggesting a link between eosinophils and the therapeutic value of antitumor responses associated with IL-4 administration[@bib565] have led to clinical trials to evaluate these responses in cancer patients. In a phase I clinical trial of IL-4 administered to cancer patients, Sosman and colleagues[@bib560] showed that IL-4 therapy induced systemic eosinophil degranulation associated with increased serum and urine major basic protein (MBP) levels. Moreover, the increase in serum MBP was IL-4 dose dependent. Unfortunately, the link of antitumor activities with eosinophil numbers in these patients is only correlative and similar to observations made in patients following IL-2 administration. No definitive conclusions can be made as to whether and how eosinophils modulate tumor growth.

Efforts to demonstrate experimentally a role for eosinophils in tumor immunity have also been fraught with complicating factors yielding qualified interpretations. Most notably, considerable excitement was generated by data from the elegant studies of Tepper and colleagues[@bib561], [@bib565], [@bib566] that demonstrated in athymic nude mice that malignant cell lines transfected for constitutive expression of interleukin 4 (IL-4) elicited a tumor associated macrophage and eosinophil infiltrate that led to the attenuation of tumor growth. This provoked a series of tumor xenograft studies that attempted to define the cellular and molecular mechanisms of the apparent IL-4-mediated antitumor effect. Although these studies have shown that spontaneous tumors showed evidence of tumor regression, associated with tumor-infiltrating eosinophils, none of these studies has resolved the role(s) of eosinophils in tumor rejection reactions. Recently, colon tumor eradication by eosinophils in murine models suggested a more conventional cytolytic response.[@bib567] In this study, coculture of eosinophils with colorectal tumor cells led to the release of eosinophil cationic protein and eosinophil-derived neurotoxin, as well as TNF-α secretion. Interestingly, this may be related to the ability of eosinophils to both lyse and promote clearance of *stressed* or damaged cells.[@bib568] Eosinophils accumulate at unique sites in response to cell turnover, thus regulating tissue homeostasis, and are regulators of *Local Immunity and/or Remodeling/Repair* according to the LIAR hypothesis, suggesting a more nuanced and interesting role for these cells in damaged tissues and tumors.[@bib569]

Within several tumor types, including gastrointestinal tumors, tumor-associated tissue eosinophilia (TATE) is associated with a significantly better prognosis.[@bib555] The converse is true in other tumor types, such as differentiated oral squamous cell carcinoma[@bib555] or Hodgkin lymphoma,[@bib570], [@bib571] where eosinophils may be involved in promoting cancer cell growth. The mechanism by which eosinophils, in particular, are recruited into tumor tissues is largely unknown. We could characterize DAMPs, including the nuclear protein HMGB1, as candidate factors eliciting eosinophil chemotaxis into tumor tissue.[@bib572] Thus, eosinophil activities are likely to have multiple roles, dictated by specific circumstances, which were originally adapted to maintain tissue homeostasis. Eosinophils are not only able to destroy tissue but are also attracted and activated by stressed and damaged cells, as we and others have demonstrated.[@bib541], [@bib572] It is likely that stressed cells attract and activate eosinophils by expressing molecules such as NKG2D ligand 4 (LETAL), major histocompatibility complex class I chain related A (MICA), and MICB,[@bib536] as well as other NKG2D ligands or UL16-binding proteins (ULBPs). These stress-associated molecules all serve as ligands for NKG2D, first described on natural killer (NK) cells[@bib570] and subsequently on eotaxin-activated eosinophils[@bib573] and T cells.[@bib574] Thus, tumor-associated eosinophils appear to have at least two dominant nonoverlapping activities:1.Destructive effector functions that may limit tumor growth and induce recruitment and activation of other leukocytes;2.Immunoregulatory and remodeling activities that suppress immune response and release cytokines, thus promoting wound healing.Consistent with the hypothesis that DAMPs initiate innate immune cell activation when encountering microbes or parasites,[@bib575] eosinophils are often first responders to tissue damage and likely mediate some aspects of tissue remodeling and repair. The presence of DAMPs such as HMGB1 in the necrotic areas of tumors may, in part, elicit both eosinophil tissue recruitment and localized execution of effector functions such as degranulation. The available data, however, suggest that while all *threatened* epithelial cells, including cancer cells, release DAMPs, not all eosinophil tissue infiltration is associated with tumor eradication.[@bib576], [@bib578] This conclusion again suggests that the relationship of eosinophils with the modulation of tumor onset/growth is complex and that expression of DAMPs, the emergent role of autophagy, and redox chemistry[@bib579], [@bib580], [@bib581], [@bib582], [@bib583], [@bib584], [@bib585], [@bib586], [@bib587], [@bib588], [@bib589], [@bib590], [@bib591], [@bib592], [@bib593] is likely to be only one of several inflammatory mechanisms capable of eliciting eosinophil effector functions.

Interestingly, of all tested biologic activities, eosinophils respond most sensitively to the presence of DAMPs, including HMGB1, with generation of peroxide leading to oxidative degradation and thus inactivation of DAMPs.[@bib540] These DAMPs with or without oxidation, play differential roles in the recruitment of mesenchymal stem cells as well as T regulatory cells which may confound and limit the antitumor response.[@bib594], [@bib595], [@bib596], [@bib597]

Conclusion {#s0670}
----------

In summary, while the role of eosinophils in tumor onset and growth is unresolved, recent studies suggest that eosinophils are a common and robust tumor infiltrate and that much interesting biology remains to be explored. Specifically, do eosinophil activities limit tumor growth through destructive effector functions or do eosinophil-derived immunoregulation and tissue repair/remodeling promote tumor growth and metastasis? How does the critical role of redox[@bib574] inform eosinophil function in relation to DAMPs? The resolution of these questions could inform the initiation of eosinophil-based modalities and, in turn, novel therapeutic approaches to treat cancer patients.

Chapter 13.11. Eosinophils and Chronic Rhinosinusitis {#sc11}
=====================================================
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Chronic rhinosinusitis (CRS) affects nearly 10% of the population in Europe and America and has been recognized as a profoundly eosinophilic disease since shortly after the eosinophil was first recognized. Due to access to sinonasal tissue from CRS patients undergoing surgery to correct this condition, studies of sinus tissue or nasal polyp tissues have been very helpful in the elucidation and *in vivo* validation of pathways of eosinophil biology. Studies in CRS have shown a role for eosinophil progenitors and local expansion of eosinophils; elucidated the endothelial adhesion molecules, chemokines, and cytokines involved in the recruitment and activation of eosinophils in the airways; and have been important in establishing the role of eosinophils and their derived factors in the mediation of pathogenic responses. Recent studies suggest that targeting the eosinophil may have therapeutic utility in the treatment of CRS, and the eosinophil thus continues to stand as a central cell in models of the pathogenesis of this disease. Further studies on the role of eosinophils in CRS will clearly be of value in documenting the precise mechanisms of the processes that bring them to tissue and by which they mediate pathology.

Introduction {#s0675}
------------

Eosinophils have been associated with numerous diseases affecting multiple organ systems and, as this volume attests, their activities have been implicated as a cause of tissue pathology in a wide range of these conditions. Eosinophils are strongly implicated in the pathogenesis of allergic diseases, including allergic rhinitis, asthma, atopic dermatitis, food allergy, and others. Although chronic rhinosinusitis (CRS) is not strictly an allergic disease, it is often associated with allergy and the appearance of intense eosinophilia in tissues from the upper airways and sinuses of patients suffering from this condition has been known for the better part of a century. The purpose of this subchapter is to review the evidence showing an association between the eosinophil and CRS; the mechanisms of recruitment of eosinophils into sinonasal tissue in CRS patients; the roles that eosinophils play in the pathogenesis of this disease; and the potential for treatment modalities based on targeting the eosinophil.

CRS is a disease of the upper airways and paranasal sinuses that affects 5--10% of the general population. It is typically characterized by one or more of the following symptoms: copious secretion of mucus, facial pressure and headache, fatigue, loss of smell, and nasal obstruction. The physical exam may be unremarkable, although in some cases nasal endoscopy may reveal the presence of purulent drainage and/or nasal polyps. Historically, CRS has been subdivided according to many of its pathophysiological features, including appearance of fungal mucins, comorbidity with asthma, formation of polyps, hyperplasia of connective tissue, and sensitivity to aspirin. More recently, partly for the sake of simplifying the study of this condition, it has generally been divided into CRS with nasal polyps (CRSwNP) and CRS without nasal polyps (CRSsNP), a terminology that we will use here. The vast majority of CRS cases are idiopathic with an unpredictable clinical course; however, a minority have a more characteristic clinical picture. Specifically, CRS with fungal mucins together with fungal atopy is often viewed as a distinct condition known as AFS (allergic fungal sinusitis). Patients with aspirin allergy, asthma, and nasal polyps have a syndrome known as Samter's triad, characterized by a severe form of recurrent polyposis. Lastly, CRS occurs in nearly all patients with cystic fibrosis, commonly with nasal polyposis, and this is frequently categorized as a discrete entity as well. In the United States, there are in excess of 300,000 surgeries performed annually to relieve the suffering of patients with CRS, and the discarded tissue from these procedures has provided access to tissue for those interested in studying the pathogenesis of the disease. The formation of nasal polyps occurs in roughly 15--20% of patients with CRS and the inflammatory process within the polyp is particular intense and may differ from inflammation that occurs in CRSsNP. The level of eosinophilia is greater in CRSwNP and this form of the disease has been the most extensively studied. Consequently, we primarily focus the discussion in this review on the role of the eosinophil in CRS with nasal polyps.

Association of Eosinophils with Sinonasal Inflammation in Chronic Rhinosinusitis {#s0680}
--------------------------------------------------------------------------------

The appearance of eosinophils in pathological conditions in the airways was noticed shortly after Paul Ehrlich developed the acidic dyes that continue to be used to detect these cells today.[@bib598] CRS is one of the most intensely eosinophilic diseases, rivaling hypereosinophilic syndromes, eosinophilic esophagitis and eosinophilic gastroenteritis, in terms of tissue density of eosinophils ([Fig. 13.11.1](#f0110){ref-type="fig"} ).[@bib599], [@bib600] Bachert and his colleagues have shown that average eosinophil numbers are elevated in both CRSsNP and CRSwNP, but they are higher in CRSwNP and highest within nasal polyps themselves.[@bib601] In our own studies, eosinophilia is the highest in patients with Samter's triad (see below---unpublished observations). Although some controversy exists as to whether there are relative differences in the eosinophilia of nasal polyps in populations of African, Caucasian, and Chinese descent, Bachert has reported low levels of eosinophilia in Chinese patients with CRS.[@bib602], [@bib603], [@bib604] Such studies are often complicated by the fact that the degree of eosinophilia in sinonasal tissue of patients with CRS can be dramatically altered by therapies that patients receive prior to surgery, especially oral glucocorticoids, which can diminish the eosinophil number by an order of magnitude (see below). It has been suggested that some intranasal Chinese herbal remedies may also alter eosinophil numbers.[@bib603] Along with elevated levels of eosinophils, nasal polyps also demonstrate elevated levels of B cells, dendritic cells, neutrophils, macrophages, mast cells, and T cells, and thus represent a tissue undergoing a robust immune and inflammatory response. Although mast cells are not the subject of this volume, it must be acknowledged that they are likely to play an important role in the pathogenesis of CRS, especially in the tissue swelling and formation of nasal polyps that occur.[@bib605], [@bib606] Detection of eosinophils and eosinophilia in CRS has employed assays for eosinophil granule proteins, such as eosinophil cationic protein (ECP), as well as specific antibodies against eosinophil granule proteins, notably EG2, which is considered to specifically stain activated eosinophils.[@bib607], [@bib608] Studies using these approaches have confirmed the presence of eosinophilia in CRS and provided evidence for activation of the tissue-resident eosinophils.[@bib609], [@bib610], [@bib611] Persson and colleagues have emphasized the importance of cytolytic eosinophil degranulation and release of clusters of free granules. Evidence has been provided to demonstrate that eosinophils in sinonasal tissue of CRS patients undergo both piecemeal degranulation and cytolytic degranulation.[@bib612], [@bib613] Recently, a method has been developed to purify eosinophils from human tissues, including nasal polyps, that should allow further studies into the activation state of eosinophils and gene expression in CRS.[@bib614] FIGURE 13.11.1*A--D*, Hematoxylin and eosin stain of different views of typical nasal polyps from a patient with chronic rhinosinusitis. *C*, Green arrows denote clearly stained, *classic* eosinophils and red arrows refer to eosinophils that, while not as clearly visible as the eosinophils denoted by green arrows, nevertheless do have the pink granules surrounding their nuclei that are characteristic of eosinophilia. (magnification ×400)(Courtesy of Roderick Carter.)

CRS is often comorbid with asthma, and one of the most severe forms of the disease, nasal polyps with asthma and aspirin sensitivity (referred to often as Samter's triad), manifests both severe polyposis and severe, often glucocorticoid-resistant, asthma.[@bib615] CRS with nasal polyps is also comorbid with Churg-Strauss syndrome, a systemic vasculitic disorder in which eosinophils feature prominently.[@bib616] Several groups have compared the level of eosinophils in sinonasal tissue with asthma severity, levels of eosinophils in bronchial lavage, or sputum samples from the lower airways. In one study, levels of eosinophils in lavage from the middle meatus correlated with FEV~1~ (forced expiratory volume in one second) in asthmatics with CRS.[@bib617] In another study, the presence of eosinophils in sinonasal tissue was higher in CRS patients undergoing sinus surgery who had comorbid asthma than in those who did not have asthma.[@bib618] Mehta et al. found that the extent of CRS disease as measured by sinus computed tomography (CT) scores correlated with eosinophils in blood and sputum, suggesting that systemic elevation and activation of eosinophils may be a feature of CRS.[@bib619] Patients with CRSwNP were found to have increased asthma prevalence, as well as increased exhaled nitric oxide.[@bib620]

The etiology of CRS has yet to be definitively ascribed to infection with any single pathogen or class of pathogens. It is clear that patients with CRS experience frequent acute, presumably infectious, exacerbations of disease, and CRS patients are generally treated frequently with antibiotics, suggesting that treating physicians suspect the presence of bacteria. Along these lines, it has been suggested that patients with CRS may have a defect in the innate immune barrier, making them more susceptible to infection or colonization with microorganisms in general.[@bib621], [@bib622] Another line of investigation implicates fungi, or at least allergy to fungi, in CRS, based on the presence of activation of lymphocytes to express cytokines in response to fungal extracts.[@bib623], [@bib624] While atopy to aeroallergens is frequently seen in patients with CRS, nearly half of CRS patients are nonatopic according to standard tests, and based on this present state of knowledge, CRS should not be viewed as a classical allergic disease.[@bib625] Yet another line of investigation suggests that *Staphylococcus aureus* and the toxins it produces are important inciting factors in CRS.[@bib626], [@bib627], [@bib628], [@bib629] According to the superantigen hypothesis of CRS, staphylococcus-derived superantigens drive a T-helper type 2 (T~h~2)-skewed inflammatory response that is responsible for the eosinophilia observed in CRS (the mechanism of eosinophilia in CRS is discussed below). Superantigens activate large numbers of T cells by cross-linking class II MHC on antigen-presenting cells with specific Vβ regions on the T-cell receptor, leading to profound release of cytokines, in some cases skewed toward T~h~2.[@bib630] Reports on the extent of staphylococcal colonization in CRS have been variable but most have demonstrated normal or supranormal frequencies. Bachert et al. and Desrosiers et al. have reported that 50--90% of CRS patients with nasal polyps have colonization with staphylococcus.[@bib631], [@bib632] Staphylococcal superantigens can also act as allergens, and several reports have detected staphylococcal superantigens in the airways of CRS patients and/or demonstrated the presence of functional immunoglobulin E (IgE) antibodies directed against the staphylococcal superantigens.[@bib633], [@bib634], [@bib635], [@bib636] A recent study by Bachert et al. has implicated the presence of interleukin-5 (IL-5) and IgE directed to staphylococcal enterotoxins in CRS comorbid with asthma.[@bib637] A longitudinal study demonstrated that high numbers of eosinophils in the nasal mucosa or in mucus collected from CRS patients are strong risk factors for recurrence of disease and the need for subsequent surgery in a 5-year follow-up study.[@bib638] In summary, eosinophil numbers are increased in sinonasal tissue of patients with CRS and increased the most in those with nasal polyps, those with asthma, and especially those with all three conditions. The correlation of eosinophils with disease severity implicates them as either a biomarker of the pathogenic process or a mediating cell responsible for disease.

Mechanisms for Recruitment and Activation of Eosinophils in Chronic Rhinosinusitis {#s0685}
----------------------------------------------------------------------------------

The molecular mechanisms by which eosinophils are recruited to tissues have been reviewed and are the topic of another subchapter in this volume. We restrict our comments therefore to the available evidence on recruitment of eosinophils in CRS. In general, several important processes occur. One is the priming and survival-promoting effects of cytokines on eosinophils, especially including granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-5, both of which also play a role in the generation of eosinophils. Another is the local expression of eosinophil-attracting chemokines by epithelium and other tissue cells. The expression of adhesion molecules by endothelium, especially vascular cell adhesion protein 1 (VCAM-1), is equally important in the rolling, arrest and transmigration of these cells into the affected tissue. An extensive literature that shows the elevation of these factors in sinonasal tissue of patients with CRS will be summarized next.

The primary receptor driving chemokine-mediated recruitment of eosinophils is C-C chemokine receptor 3 (CCR3), which has a number of ligands, notably RANTES (or C-C motif chemokine 5; CCL5), eotaxin (CCL11), eotaxin-2 (CCL24), eotaxin-3 (CCL26), and MCP-4 (CCL13), with less activity for MCP-1, MCP-2, and MCP-3.[@bib639], [@bib640] Mice lacking CCR3 have severe, but not totally diminished, eosinophil infiltration in allergic inflammation, and CCR3 antagonists are under investigation in clinical trials. Beck et al. found elevated levels of RANTES mRNA and tissue staining in nasal polyp tissue but not in normal turbinate tissue.[@bib641] RANTES expression is primarily found in epithelial cells, an observation leading to speculation that localization of eosinophils to the epithelium and lamina propria may be related to epithelial chemokine expression.[@bib642], [@bib643], [@bib644] Similar findings have subsequently been made with other CCR3 ligands, including eotaxins 1--3 and MCP-4.[@bib645], [@bib646], [@bib647], [@bib648] A careful study by Jahnsen et al. found that levels of mRNA for eotaxin-1, eotaxin-2, and MCP-4 are elevated in nasal polyp tissue and that levels of eotaxin-2 and MCP-4 in turbinates from CRSwNP patients are higher than in normal turbinates.[@bib646] Taken together, it is clear that both surrounding tissue (i.e., turbinate) and affected tissue (nasal polyps, which commonly emerge from the ethmoid sinuses and other deeper tissues) in patients with CRS have elevated levels of CCR3 ligands that are likely to play a role in eosinophil recruitment to both of these regions in CRS. Regulation of chemokine expression by epithelium is complex, but both NF-κB and signal transducer and activator of transcription 6 (STAT6) play important roles in the response, and T~h~2 cytokines including IL-4 and IL-13 are important inducers.[@bib649], [@bib650] Other stimuli may also be important in activating CCR3 ligand expression in CRS, and chitin has recently been shown to induce eotaxin-3 in human sinonasal epithelial cells *in vitro*.[@bib651]

Eosinophils not only respond to CCR3 agonists but also release eotaxin, eotaxin-2, eotaxin-3, and RANTES.[@bib648], [@bib652] The release of CCR3 agonists from eosinophils may be involved in the local eosinophil accumulation in nasal polyps. Recently, our group has found that MPIF-1 (CCL23) is elevated in eosinophilic nasal polyps and that EG2^+^ eosinophils are major MPIF-1-producing cells in nasal polyps.[@bib736] MPIF-1 is a ligand for CCR1 and is known to recruit monocytes, macrophages, and dendritic cells.[@bib653], [@bib654] These findings indicate that activation of eosinophils may further enhance local inflammation via secondary recruitment of additional cells in nasal polyps.

Exposure of eosinophils to GM-CSF or IL-5 leads to several notable phenotypic changes that are likely to be relevant to their accumulation in CRS, including increased expression and function of adhesion molecules, increased transendothelial migration, and increased survival. The earliest studies on CRS were by Denburg and colleagues, and showed elevated levels of GM-CSF in eosinophils in nasal polyp tissue,[@bib655], [@bib656] and that GM-CSF is prominently expressed by epithelial cells, in agreement with earlier *in vitro* studies showing that epithelial cells are a rich source of this cytokine.[@bib657] Several studies have shown that conditioned medium from nasal polyps stimulated with antigen or from cultured nasal polyp epithelial cells can prolong eosinophil survival or activate eosinophils *in vitro* and that the activity can be significantly blocked by anti-GM-CSF antibodies.[@bib658], [@bib659], [@bib660], [@bib661] Additional studies have shown that IL-5 is also an important eosinophil priming and survival factor in nasal polyp tissue.[@bib610], [@bib662], [@bib663], [@bib664] This finding is supported by success in recent clinical trials by Bachert et al. using anti-IL-5 antibodies (see below). The relative importance of IL-5 and GM-CSF as priming cytokines in sinonasal tissue is unknown. Liu and Busse found that lung-migrating eosinophils have reduced expression of the IL-5 receptor in asthmatics and postulated that the main effects of IL-5 (and therefore probably anti-IL-5) may be in the bone marrow and circulation.[@bib665] Whether the same is true in the upper airways and sinuses in patients with CRS requires further investigation.

*In vitro*, VCAM-1 is known to be an important and relatively selective endothelial adhesion molecule that mediates eosinophil rolling, firm adhesion, and transendothelial migration. Several groups have demonstrated increased endothelial expression of VCAM-1 in nasal polyps and shown that VCAM-1 levels correlate with the presence of eosinophils, leading to the hypothesis that recruitment of eosinophils in CRS is partially mediated by VCAM-1.[@bib643], [@bib666], [@bib667], [@bib668], [@bib669], [@bib670] Using the Stamper--Woodruff assay, Symon, Wardlaw, and collaborators have demonstrated that eosinophils bind to nasal polyp tissue *in vitro* via interactions with P-selectin and on this basis suggested a role for P-selectin as well.[@bib671] In general, the T cell cytokine milieu that most drives eosinophilic inflammation is a T~h~2 pattern, including the VCAM-1 activators IL-4 and IL-13 as well as the eosinophil priming cytokine IL-5. Although most CRS is probably T~h~2 driven, it has been suggested that in some cases of CRS, including nonallergic CRS, other T-cell cytokines may be involved.[@bib672], [@bib673] At present, there is controversy about whether T~h~17 are elevated in CRS. Saitoh et al. have reported increased IL-17 in CRS, while Peters et al. (our group) and Bachert and Geveart have not found evidence for a role of IL-17 in CRS.[@bib674], [@bib675], [@bib676] As far as eosinophil recruitment and activation in CRS is concerned, there are reports of a possible role for complement activation, IL-33, and activation of protease-activated receptors (PAR), eicosanoids, and stem cell factor. In some cases, these pathways may activate local resident or infiltrating cells to express eosinophil priming and recruitment factors, including chemokines and cytokines such as GM-CSF.[@bib677], [@bib678], [@bib679], [@bib680], [@bib681], [@bib682]

Potential Roles of Eosinophils in the Pathogenesis of Chronic Rhinosinusitis {#s0690}
----------------------------------------------------------------------------

The discussion above firmly establishes that eosinophils are present in high numbers in the sinonasal tissue of patients with CRS, especially the polypoid form, and that these tissue eosinophils are activated. Together, these two lines of investigation provide circumstantial evidence that eosinophils may play a role in alterations to nasal physiology, tissue structure, and clinical phenotype. This section discusses some features of CRS that may be mediated by activated eosinophils. In most cases, these discussions should be viewed as hypothetical or speculative, as there is no validated animal model of CRS and in most cases it is not possible to definitively assess mechanisms in human subjects (other than some recent studies with antibodies against IL-5 or IgE, discussed in the next section). In our view, it is clear that CRSsNP and CRSwNP are distinct disease entities that are primarily related by their frequent resistance to treatment, need for surgery (probably greater in CRSwNP), and eosinophilia (probably greater in CRSwNP). However, they are distinct in many of the clinical and inflammatory processes that we and others have been investigating at the molecular level.[@bib683], [@bib684], [@bib685], [@bib686] As to the roles of eosinophils in pathogenesis, by far the most data are available for polypoid CRS, and we will restrict our comments here to CRSwNP, even though they may in many cases apply to CRSsNP. Although eosinophils are elevated in CRS and express the activation marker EG2 (see above), EG2 has not proven to be a reliable marker of degranulation; eosinophils in nasal polyps are undoubtedly activated, as studies of eosinophil morphology by Erjefält and Persson have demonstrated extensive piecemeal degranulation and cytolytic degranulation in eosinophils in nasal polyp tissue.[@bib613], [@bib687]

The most obvious and prominent feature of CRSwNP is the formation of the polyp itself, although details of the mechanism of this metamorphosis of sinonasal tissue are not well understood. Perhaps the best studies have been those by Bachert et al., who studied early-phase and established nasal polyps.[@bib688] They found formation of a subepithelial eosinophilic cap at the upper surface of the tissue outgrowth and implicated fibronectin and deposition of albumin and extracellular matrix proteins in the early and late phase, respectively. The presence of IL-5 and eotaxin-2 correlated with the process, thus leading them to propose an important role for eosinophils.[@bib688] Based on the deposition of albumin, we can presume that vascular leakage is occurring in CRS, although the stimuli for the leak are not well understood. Studies by Steinke, Borish, and others have shown that the 5-lipoxygenase (5-LO) pathway is activated in CRS, especially in aspirin-sensitive disease, and that eosinophils express 5-LO and LTC4 synthase within the polyp tissue.[@bib689], [@bib690] Increased eicosanoid metabolism has been reported in CRS and correlates with ECP and IL-5.[@bib679] Although eosinophil cyclooxygenase and lipoxygenase metabolites might be important in vascular leakage driving polyp formation, in general the clinical experience with inhibitors of both of these pathways has been disappointing and they are unlikely to be the primary mediators driving vascular leak in a forming polyp. The relative importance of mast cell and eosinophil mediators in polyp formation is unknown. Di Lorenzo et al. measured ECP, histamine, and tryptase in nasal lavage and found only tryptase and ECP to correlate with symptom scores.[@bib691] Since mast cells are highly elevated in nasal polyps and are capable of releasing numerous mediators of vascular leakage, their potential role in polyp formation must be seriously considered.

Considerable evidence has accumulated to demonstrate elevations of both IgE and IgA in nasal polyp tissue, and it is not unreasonable to speculate that these antibodies play a role in activating mast cells and eosinophils, respectively, in CRSwNP. With respect to eosinophils, activation by IgE, if it occurs at all, most likely occurs indirectly as a result of the action of mediators released from basophils, mast cells, and other cells that clearly express a functional IgE receptor (e.g., inflammatory macrophage-like cells). Kita and colleagues have shown that IgG and IgA, but not IgE, can prolong eosinophil survival, and induce cytokine expression and effector function.[@bib692], [@bib693] However, convincing data demonstrate that eosinophils are activated to degranulate by cross-linking receptors for IgA.[@bib694], [@bib695] More uncertain is the nature of the antigen systems that might drive IgA-mediated degranulation in nasal polyp eosinophils. As discussed above, only half of patients with CRSwNP are atopic, and it is difficult to implicate typical aeroallergens as anything more than exacerbating factors. Recent studies by Tan and colleagues have demonstrated the presence of autoantibodies of both IgG and IgA isotypes in patients with recalcitrant CRS requiring revision surgery.[@bib696] Suh et al. found correlations between both total IgG and total IgE with the number of EG2^+^ cells, but not IgA or secretory IgA.[@bib697] Clearly, further work is required to establish the importance of immunoglobulins in eosinophil activation in CRS.

In both asthma and CRS there is evidence for epithelial damage mediated by eosinophils. Gleich and colleagues demonstrated that the presence of eosinophils and extracellular levels of the toxic eosinophil granule protein major basic protein (MBP) correspond to regions of epithelial injury in patients with CRS.[@bib698] This occurs in asthma as well, and there is ample evidence for a similar pathological process occurring in the two diseases. Chanez, Bousquet, and colleagues and Gaga et al. demonstrated a strong correlation between eosinophils in the nose and lung in asthmatics.[@bib698], [@bib699], [@bib700] Bresciani et al. found that 70% of asthmatics have CRS, as determined using clinical and CT scores, and observed a correlation of clinical scores to blood eosinophils in those with mild and moderate asthma.[@bib701] Eosinophil-derived granule mediators are well established to be toxic to epithelium, to activate mast cells and basophils, and to drive inflammation. An ultrastructural investigation of epithelial damage in asthmatic and nonasthmatic nasal polyps revealed reduced length of desmosomes in allergic CRSwNP and in asthmatics.[@bib702] Several studies suggest that the epithelium in both asthma and CRS presents a poor barrier.[@bib621], [@bib622], [@bib703] Whether damage from eosinophils occurs as a result of the cationic granular proteins, the respiratory burst and peroxidase activation, protein nitration, or another mechanism is worthy of further investigation.[@bib704], [@bib705] Recent studies indicate reduced SPINK5 in epithelial tissue from CRS patients.[@bib706] SPINK5 is a protease inhibitor that can regulate barrier function in the skin via preventing activation of PAR2 and subsequent induction of thymic stromal lymphopoietin (TSLP).[@bib707] Briot et al. found that high levels of TSLP in the skin drive a highly eosinophil and mast cell rich inflammation even in the absence of T cells.[@bib707] Kamekura et al. presented evidence that TSLP itself can induce claudins and occludins and enhance tight junction function in nasal epithelial cells *in vitro*, suggesting that its influences may be complex. TSLP is elevated in CRS, and whether TSLP regulates barrier function in CRS and/or contributes to eosinophilia needs further clarification.[@bib708], [@bib709], [@bib710]

Studies in the lower airways indicate that eosinophilic inflammation is often associated with fibrotic changes, including the laying down of extracellular matrix proteins or repair proteins (e.g., lumican, procollagen, and tenascin---see Chapter 12).[@bib711], [@bib712] Some nasal polyps are characterized by the deposition of collagen and other matrix proteins, and it is possible that eosinophils may play a role in this process. Studies by Ohno et al. have demonstrated that transforming growth factors α and β1 (TGF-α and TGF-β1), as well as platelet-derived growth factor receptor (PDGF), are expressed by eosinophils in nasal polyps and suggest that eosinophil-derived growth factors may alter the structure of the affected nasal mucosa.[@bib713], [@bib714] Eosinophil production of TGF in nasal polyps was confirmed by Elovic et al.[@bib715] Ultrastructural studies in nasal polyposis using anti-IL-5 antibodies, such as the ones used by Flood-Page, Kay et al. in asthma, will be required to assess the role of eosinophils in remodeling of the sinonasal tissue in CRS.[@bib711]

Eosinophils as a Therapeutic Target for Management of Chronic Rhinosinusitis {#s0695}
----------------------------------------------------------------------------

At present, there are no specific approved therapies for the treatment of CRS. In general, a significant number of patients that present with the diagnosis have failed treatment with antibiotics and/or intranasal glucocorticoids. Since nasal polyps commonly grow out of the sinuses, it is a challenge for intranasal glucocorticoid sprays to penetrate to the area of relevant inflammation. Treatment with oral steroids is often effective, especially in CRSwNP, and is frequently used to treat CRSwNP, although most patients and physicians prefer to avoid chronic treatment with oral glucocorticoids.

Glucocorticoids continue to be the most effective anti-inflammatory drugs available for a wide variety of autoimmune and allergic chronic inflammatory illnesses. Their mechanisms are pleiotropic and represent actions exerted upon numerous cell types known to participate in CRS, including epithelial, T~h~1, and T~h~2 cells. Other important cells, such as endothelial cells, mast cells, neutrophils, and T~h~17 cells, are relatively unresponsive to glucocorticoid treatment and are unlikely to be important targets in CRS.[@bib716] Among the steroid responsive cells are eosinophils, and the actions of glucocorticoids on eosinophils have been reviewed.[@bib717], [@bib718] In 2007, Patiar and Reece performed a Cochrane review of the literature and identified only one randomized-controlled study comparing oral steroids with no intervention or placebo.[@bib719], [@bib720] As found in earlier uncontrolled trials, oral treatment with prednisone or a similar systemic steroid shrank polyps, reduced symptoms, and improved olfaction in this study. Alobid et al. also found that continued treatment with intranasal steroid maintained the benefits of the 2-week treatment with oral steroids for nearly 1 year.[@bib720] Subsequently, Hissaria et al. performed a controlled trial testing a short course of prednisolone in CRSwNP, and found improved symptom scores and a reduction in polyp size, as determined both subjectively and objectively by MRI.[@bib721] Recently, Van Zele, Bachert, and collaborators performed a double-blind placebo-controlled multicenter trial of oral methylprednisolone in CRSwNP.[@bib722] In addition to shrinking polyps, improving olfaction and reducing symptoms, the oral steroids improved congestion, nasal peak flow rates, postnasal drip, and rhinorrhea. Importantly, in this study methylprednisolone reduced ECP, IgE, and IL-5 in nasal secretions and decreased blood eosinophils, ECP, and soluble IL-5Ra in the serum.[@bib722]

*In vitro* studies have identified numerous effects of glucocorticoids on eosinophils (for a summary, see[@bib716]). Glucocorticoids diminish eosinophil survival *in vitro* by promoting apoptosis and this effect is blocked by survival-promoting cytokines such as GM-CSF or IL-5. Glucocorticoids also diminish production of these specific cytokines by many cell types, including epithelial cells and T lymphocytes. Steroids have a similar suppressive effect *in vitro* on the expression of cytokines that activate endothelial adhesion molecule expression \[e.g., IL-1, IL-4, IL-13, and tumor necrosis factor (TNF)\] and of chemokines known to cause eosinophil migration (e.g., CCR3 agonists). Thus, theoretically, glucocorticoids should diminish eosinophil recruitment to the sinuses and nasal cavity and hasten the disappearance of the eosinophils once they arrive in the sinonasal cavity. Numerous *in vivo* studies have addressed these theoretical effects of glucocorticoids by administering intranasal or oral glucocorticoids to patients with CRS prior to surgery or biopsy.

A general feature of these studies is that glucocorticoids uniformly reduce the number of eosinophils found in nasal polyps. Kanai et al. also found treatment with budesonide to reduce the *proportion* of activated (EG2^+^) eosinophils, along with reducing levels of total eosinophils, T cells, the ICAM-1 adhesion molecule, and HLA-DR, a marker of adaptive immune activation.[@bib723] Similar findings were made by Hamilos and coworkers, who additionally found reduced P-selectin (but not IL-1β, TNF, or VCAM-1) in polyps from patients treated with intranasal fluticasone propionate.[@bib724] They also found reduced numbers of cells expressing T~h~2 cytokines (IL-4 and IL-13). Delbrouck et al. reported that budesonide decreases levels of both ICAM-1 and VCAM-1, and to a lesser extent P-selectin.[@bib725] As mentioned above, Denburg, Dolovich, and collaborators identified GM-CSF as an important eosinophil-priming and survival-promoting cytokine in the nose of patients with allergic rhinitis and CRS. Nonaka et al. from this group found that budesonide reduces survival of peripheral blood eosinophils *in vitro* but not eosinophils extracted from nasal polyps, suggesting that the polyp eosinophils are primed and rendered glucocorticoid resistant as a result of the GM-CSF exposure within the polyp.[@bib726] It is unclear whether GM-CSF or IL-5 is the most important eosinophil survival cytokine in CRSwNP, and this is not a question that can be easily addressed, since both of these cytokines have effects on eosinophils outside of the sinonasal cavity. Nonetheless, Bolard et al. found a correlation between levels of IL-5 and eosinophils in the nasal secretions of patients with nasal polyps and that intranasal steroids reduce both of these parameters.[@bib727] Whether glucocorticoid treatment directly induces apoptosis in tissue eosinophils or indirectly induces eosinophil death as a result of suppressing survival-promoting cytokines is still an open question. As to the expression of chemokines that attract eosinophils, Jahnsen et al. found that nasal polyp tissue expresses highly elevated levels of eotaxin, eotaxin-2, MCP-4 and RANTES, and that after treatment with oral glucocorticoid these factors are all profoundly reduced along with a reduction in eosinophil numbers in the tissue.[@bib646] Importantly, in association with the reduction of eosinophils and of the cytokines that induce their accumulation, treatment of CRS with intranasal glucocorticoids also leads to a reduction in damage to the epithelium that is thought to be mediated by eosinophils and is accompanied by the restoration of epithelium integrity.[@bib728]

Perhaps the most valuable data implicating eosinophils in the pathogenesis of CRSwNP is from the group of Gevaert, Bachert, and collaborators.[@bib729], [@bib730], [@bib731] These researchers noted increased levels of IL-5 and soluble IL-5RA in patients with nasal polyposis and found that treatment of CRSwNP patients with an antibody against IL-5 led to a reduction in nasal polyp size, particularly in patients with elevated IL-5. The same patients had a corresponding reduction in the level of eosinophilia, as measured by total eosinophils in the blood and levels of ECP in both the serum and in nasal secretions.[@bib729], [@bib730], [@bib731]

Prospects for new Therapies Targeting Eosinophilic Inflammation in Chronic Rhinosinusitis {#s0700}
-----------------------------------------------------------------------------------------

Studies using anti-IL-5 antibodies to reduce eosinophilic inflammation are still ongoing and this approach continues to show promise for the treatment of CRS. As kinase inhibitors that block the development of eosinophils are developed, it is possible that some will emerge that have some specificity for the eosinophilic lineage of cells and will thus have utility in a variety of diseases including CRS. Treatment of mice with antibodies against Fas caused widespread apoptosis of eosinophils but lacked specificity and thus killed many other important cell types.[@bib732] Treatments based on Siglec-8 activation may induce apoptosis more selectively in eosinophils, and in the related allergic cells mast cells and basophils, and thereby provide some benefit without undue safety concerns[@bib733] (see also Chapter 15.4). In addition, recent studies from our group demonstrate that B cells and immunoglobulins, especially IgA which is a potent eosinophil activator, are highly elevated in CRS.[@bib734], [@bib735] Therapies targeting B cells, such as antibodies against B cell activating factor belonging to the TNF family (BAFF) or B cells (e.g., antiCD20), may prove to diminish the activation of eosinophils in CRS if IgA and secretory IgA are important in activating eosinophils in CRS.

Chapter 13.12. Eosinophils and Vascular Healing {#sc12}
===============================================
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The deployment of both bare metal and drug-eluting stents (BMS and DES) has revolutionized the treatment options for revascularization of occluded atherosclerotic coronary arteries. However, stent implantation can promote vessel damage and engage a series of exaggerated vascular healing events that may promote thrombosis and/or reocclusion or *restenosis* within targeted vessels. In some patients, additional hypersensitivity immune reactions to stent components may elevate the risk of developing thrombosis and restenosis compared to nonallergic patients. Eosinophils appear to contribute to hypersensitivity-driven adverse vascular reactions to stent residency, because they have been observed in the vicinity of stent struts in the context of thrombotic and restenotic events following BMS or DES implantation. Furthermore, eosinophil granule protein actions toward thrombosis and restenosis regulators suggest direct, deleterious roles of eosinophils in stent-associated thrombosis and restenosis. However, before any eosinophil-targeted changes in stent composition or post-stenting medicinal strategies are made, more investigations are warranted to provide incontrovertible evidence that eosinophils actively make significant contributions to stent-associated thrombosis and restenosis.

The ability of organisms to repair themselves is an indispensable requirement for their survival. Most members of the animal kingdom inevitably encounter external or internal environmental pressures that can threaten their existence. Examples of these are, respectively, injury inflicted by a traumatic event, such as a stab wound, and parasites that inappropriately reside in various tissues. A complex series of reactions to these survival challenges has evolved among vertebrates to correct tissue damage traumatically imposed by a foreign object (i.e., a knife) or to completely remove an injurious agent (i.e., an infection). These shared mechanisms of self-preservation are collectively referred to as healing. In many individuals, healing events in the coronary vasculature occur and can be characterized by both types of reactions, including correction of vessel damage inflicted by circulating substances (i.e., coronary artery disease) and subsequent introduction of a foreign agent (i.e., a stent), as well as to mount an immune response (i.e., hypersensitivity) aimed at eliminating such a foreign body.

The most common type of healing occurrence in blood vessels is, paradoxically, also responsible for the most common type of coronary artery disease. Indeed, atherosclerosis is likely the result of a *response to injury* that occurs predominantly in medium-sized muscular vessels, including the left anterior descending, left circumflex, and right coronary arteries.[@bib1736] The injury is thought to be primarily inflicted on endothelial cells (ECs), which, from their position as a lining of the vessel lumen, normally provide a nonthrombogenic, nonadhesive surface despite their direct contact with flowing blood. Agents suspected of damaging ECs include elevated blood cholesterol levels and oxidized low-density lipoprotein. The outcome of vessel healing is often manifest as an eccentrically oriented lesion consisting of, in its most mature form, lipid-laden macrophages and smooth muscle cells (or so-called foam cells), and lymphocytes enclosed by a fibrous cap comprised of collagen, elastin, and proteoglycans.[@bib1736] Consequently, these lesions, or plaques, in their stable form can compromise critical oxygen supply to the energetic myocardium by significantly impeding blood flow and, in their unstable or vulnerable forms, can cause myocardial infarction and death by providing sites for platelet adherence and activation of clotting factors to promote formation of a fully occlusive thrombus. Although lifestyle changes and medications, including cholesterol synthesis inhibitors (or statins), effectively reduce the risk factors for developing atherosclerosis,[@bib737] its place as a predominant cause of morbidity and mortality in industrialized nations has not wavered. Indeed, its recurrent detection is afforded by sophisticated angiographic evidence through catheterization of vessels suspected of harboring lesions. Once detected, a patient's physician has several choices for revascularizing occluded coronary vessels.

Since the late 1970s, a variety of minimally invasive, catheter-based procedures have evolved to displace occlusive atherosclerotic plaques in coronary vessels. Andreas Gruentzig and colleagues performed the first such procedure in 1977 by using a catheter to guide a balloon to the site of atherosclerosis.[@bib738] Once positioned, the balloon was expanded to crush the plaque against the vessel wall. This procedure, referred to as percutaneous transluminal coronary angioplasty (PTCA), or simply angioplasty, was at least acutely successful for providing a less-invasive treatment, compared to traditionally used coronary artery bypass grafting (CABG), to restore adequate blood flow to the myocardium. Approximately 6 months following the procedure, however, approximately 35% of patients experienced a renarrowing (*restenosis*) of the blood vessel at the original atheromatous site.[@bib739] Since then, two major modifications to PTCA have been made in an effort to reduce the incidence of restenosis, including balloon-mediated deployment of bare metal stents (BMS) and drug and polymer addition to such stents to form a device collectively referred to as a drug-eluting stent (DES). The former amendment to PTCA originated with the recognition that restenosis was at least partially attributable to elastic recoil of the vessel as an immediate reaction to balloon-induced vessel expansion, while the addition of drug came with an appreciation for the significant contributions of vascular smooth muscle cell (VSMC) proliferation[@bib740] and migration[@bib741] to restenosis following BMS insertion into coronary arteries. The cell proliferative component is similar to that which promotes benign tumor formation and, therefore, was as a good candidate for being disrupted by antiproliferative agents such as those on first-generation DES that emerged from Johnson and Johnson in 2003 (Cypher DES; Cordis, Miami Lakes, FL)[@bib742] and Boston Scientific Corporation in 2004 (Taxus Express2, Maple Grove, MN),[@bib743] and which included sirolimus and paclitaxel, respectively.

Vascular responses to stent implantation in coronary arteries occur in sequence to culminate in what is collectively referred to as *healing*. In the traditional sense, vascular wound healing is orchestrated by platelet- and clotting factor-mediated hemostasis, cytokine-/chemokine- and leukocyte-mediated inflammation, and VSMC- and fibroblast-mediated tissue remodeling.[@bib744] Although *healing* naturally connotes a process that is favorable, it can be characterized by an exaggeration of the processes outlined above, leading to unfavorable consequences, such as reocclusion, or *restenosis* of the vessel and/or thrombosis. Restenosis can occur in conjunction with stent use.[@bib745] Moreover, thrombosis rates associated with DES implantation are higher than those related to BMS deployment after 1 year,[@bib746] possibly owing to insufficient EC coverage of the stent itself and of the local vascular area in which a DES resides.[@bib747] The fate of the vessel wall localized to the area of stent implantation is determined, for the most part, by a balance between the interactions of cells and the soluble factors that they secrete. These events, in turn, may be dictated by the circumstances of DES deployment itself, such as the extent of mechanical injury imposed by stent insertion.[@bib748] Additionally, DES composition may play a significant role in determining the prognosis of DES use as a therapy to alleviate occlusive coronary vascular disease.

Along with their differential abilities to prevent restenosis and association with thrombosis, DES and BMS platforms may be distinguished by inflammatory cell infiltrates, based on the extent of eosinophil presence that follows deployment of each. Clinically used variations of DES currently feature controlled drug release from polymers that coat the metal stent skeleton. Twenty-eight days following their deployment, overlapping Taxus and Cypher DES each had more eosinophils associated with them compared to their respective overlapping BMS controls in rabbit iliac artery.[@bib749] These DES are composed of different drugs and nonerodible polymers, but the same metals (316L stainless steel), suggesting that drugs and/or polymers may ultimately attract eosinophils to stent insertion sites. John and colleagues found that a critical amount of polymer may selectively incite eosinophil recruitment in rabbit iliac artery. Cypher was associated with significantly more luminal eosinophils than a polymer-free sirolimus-eluting stent, a polymer-free sirolimus--estradiol-eluting stent, or a BMS, but only when each stent platform was overlapped upon itself (i.e., one stent on top of another of the same kind) in the vessel.[@bib750] Eosinophil recruitment following DES implantation in rabbits appears not to be specific to this species, since eosinophil accumulation was observed around Cypher stent struts, followed by less infiltration near both Taxus and BM stents, in porcine coronary arteries.[@bib751] [Table 13.12.1](#t0050){ref-type="table"} provides a summary of studies citing the occurrence of eosinophil infiltration in response to a variety of catheter-based revascularization interventions, including purely balloon-mediated, or plain old balloon angioplasty (POBA), and BMS or DES implantation. Such reactions to foreign-body stent substances suggest an eosinophil-mediated hypersensitivity,[@bib752] which has been implicated in thrombosis and restenosis following stent insertion into blood vessels, as described below.TABLE 13.12.1Eosinophil Recruitment Following Catheter-Based Revascularization of Coronary VesselsSpeciesInterventionsExtent of Eosinophil InflammationReference NumberRabbitBMS and DESTaxus \> Cypher\
DES \> BMS[@bib749]RabbitBMS, DES (no polymer), DES (polymer)DES (polymer) \> DES (no polymer) and BMS[@bib750]PigBMS and DESCypher \> Taxus\
DES \> BMS[@bib751]PigPOBA and BMSBMS \> POBA[@bib757]PigPOBA and BMSBMS \> POBA[@bib758]HumanPOBA and BMSBMS \> POBA[@bib759][^7]

Several instances of thrombosis occurring after BMS or DES implantation and their correlation with histological evidence of eosinophil infiltration have been recorded. Zavolloni and colleagues[@bib753] reported that inflammatory infiltrate observed in thrombectomy material retrieved from right coronary artery previously implanted (10 years) with a BMS for myocardial infarction contained a prevalence of eosinophils. Data such as these contrast with previous reports that associated stent thrombosis and eosinophil recruitment particularly with DES rather than BMS. Virmani and colleagues provided histological evidence of thrombus formation in left circumflex coronary artery of a 58-year-old male who had received overlapping Cypher stents in that vessel 18 months earlier.[@bib754] Aneurysm formation and inflammatory prominence consisting of eosinophils, giant cells, lymphocytes, macrophages, and plasma cells within the vessel area localized to stent placements were evident. The authors referred to these phenomena as a 'hypersensitivity vasculitis,' which has since been described by other investigators following DES implantation in conjunction with repeated thromboses associated with implantation of Cypher stents into the left circumflex[@bib755] and also in autopsy specimens.[@bib756] The latter study is especially informative, given that it compared eosinophil presence among thrombotic events according to classification, and in the context of acute myocardial infarction or not, and time-frame, including early (≤30 days) after BMS or DES \[Cypher, Taxus, and Endeavor (Medtronic, Inc. Minneapolis, MN); drug is zotarolimus\] deployment, late (31--365 days) after BMS deployment, and very late (\>1 year) after DES deployment. Here, eosinophil accumulation and the fraction of leukocytes accounted for by eosinophils around Cypher stents was substantially greater than that measured in association with Taxus or Endeavor stents. Furthermore, eosinophils were most evident in thrombi that occurred very late following DES (predominantly of Cypher) deployment. Interestingly, vessel remodeling was exclusively related to very late stent thrombosis that occurred after DES, with its extent varying according to the number of eosinophils found in thrombi. The authors speculated that vessel remodeling likely caused stent malapposition and subsequent thrombosis. Taken together, these studies indicate eosinophilic reactions to BMS or DES deployment and suggest a role for eosinophils in stent thrombosis. At least two questions may be drawn from these conclusions:1.What factors related to coronary stents and/or their deployment attract eosinophils to stented vessel segments?2.How might eosinophils contribute to stent-related thrombosis?Eosinophilic inflammation occurs following both POBA and stent insertion. However, eosinophilic recruitment is more robust following stent placement,[@bib757], [@bib758], [@bib759] suggesting that balloon-mediated vessel expansion, which is common to both POBA and stent placement, is not completely responsible for enhanced eosinophilic recruitment associated with stent placement. Indeed, stent components and prophylactic dual antiplatelet (medicinal) therapies (DAPT) that are prescribed for use after stent implantation, including the platelet adenosine diphosphate (ADP) receptor antagonist, clopidogrel (Plavix; Bristol-Myers Squibb, New York, NY, and Sanofi--Aventis, Paris, France) and acetylsalicylic acid (aspirin), an inhibitor of prostaglandin G/H synthase 1 (inhibits thromboxane production), can elicit hypersensitivity reactions.[@bib760] The well-recognized role of eosinophils in allergic reactions[@bib752] and their suggested role in a localized hypersensitivity reaction to stent placement[@bib754] are in agreement with positive correlations between allergic sensitivity to metal stent components, including nickel[@bib755], [@bib761] and molybdenum,[@bib761] and eosinophil recruitment to stented vessel segments.[@bib755], [@bib761] However, restenosis incidence may[@bib762] or may not[@bib763] positively correlate with allergic reactions to nickel and molybdenum. In addition, drug-eluting stent-related hypersensitivity reactions appear not to guarantee subsequent thrombosis, as revealed by a study[@bib764] showing that a minority (approximately 1.5%) of total DES-specific hypersensitivity reactions (based on 262 hypersensitivity cases reported) were accompanied by thrombosis. These hypersensitive, thrombotic cases, however, were characterized by eosinophilic inflammation and incomplete stent coverage, or so-called delayed healing, 100% of the time. Overall, the majority of DES-specific hypersensitivity cases were associated with Cypher implantation (approximately 80%) and likely attributable to the poly n-butyl-methacrylate and polyethylene-vinyl acetate Cypher copolymer allergens,[@bib760] but not to sirolimus, since the latter can reduce eosinophil infiltration.[@bib765] Consistent with this, Finn and colleagues reported that 5/105 cases of late stent thrombosis were associated with hypersensitivity reactions, with four occurring after Cypher and one after Taxus implantation.[@bib747] In these episodes, too, eosinophilic inflammation was always present. Taken together, these studies suggest that the risk of hypersensitivity to stent components is likely to be small among patients that have or will receive DES, with the onset of thrombosis occurring in such hypersensitivity cases also to be small. However, histological evidence shows that the incidence of such rare cases is consistently associated with eosinophil accumulation at stent sites and seems to be especially common with Cypher implantation.[@bib747], [@bib764] At least one study found the combination of hypersensitivity and delayed healing (i.e., endothelialization) of stent struts to be a risk factor for developing late-stent thrombosis.[@bib766] Identification of patients prone to each of these circumstances is not performed and may, in fact, be unpredictable considering that hypersensitivity reactions to stents appear not to be unequivocally associated with thrombosis[@bib764] and, further, the incidence of eosinophil involvement in such reactions, which correlates with hypersensitivity-related thrombosis,[@bib747], [@bib764] is also unclear. Thus, without objective, basic study- and clinical trial-based reasoning for differential postprocedural prescription to DES recipients, it is essential that all patients that receive DES comply with using DAPT medicines for their full recommended terms.

Currently, the exact duration of DAPT therapy following stent deployment is questionable, but would appear to be optimized by an awareness of when stent struts are completely *healed* (or endothelialized) such that the risk of platelet adhesion and activation is dramatically diminished. Unfortunately, the time required for adequate, antithrombotic endothelialization of stent struts and the local vascular wall likely varies among patients, because endothelialization rates among DES patients afflicted with complicating clinical backgrounds, such as diabetes,[@bib767] may vary, especially compared to DES patients without complicating ancillary medical conditions. The concern, then, pertaining to eosinophil involvement in thrombus formation associated with stent deployment is that DAPT may be suspended before stent struts, whether covered by polymer or not, are masked enough by healing processes so as not to be a potentially chronic stimulus for eosinophil recruitment and activation. Indeed, the nonspecific nature of antiproliferative drugs currently included on clinically used DES inhibit not only VSMC proliferation and migration, two major contributors to restenosis,[@bib740], [@bib741] but also attenuate the same properties of ECs.[@bib768], [@bib769] Therefore, the risk of eosinophil-related thrombosis following DES deployment may be assessed by (1) whether the stent is BMS or DES and (2) evidence of allergies to stent components that may predispose the patient to a hypersensitivity reaction that involves eosinophils. Fortunately, research efforts have provided suggestive evidence concerning the mechanism of eosinophil recruitment to stented vessel segments and the mechanism through which eosinophils contribute to thrombus formation. These pieces of information may be used to direct future therapies intended to mitigate the purported role of eosinophils in promoting thrombosis following stent deployment.

Descriptions of two hypersensitivity reactions (I and IV) have been suggested to provide hypothetical explanations for eosinophilic involvement in inflammatory responses to stent insertion. As suggested by Virmani and coworkers, eosinophil recruitment to segments stented with Cypher and their association with thrombosis[@bib754] in this context may be due to a type IV hypersensitivity reaction, in which T-helper lymphocyte liberation of T-helper type 2 (T~h~2) cytokines and interleukins 4 and 13 attract eosinophils.[@bib770] Another hypothesis[@bib760] includes a two-phase cascade of cell- and soluble factor-mediated reactions being initially orchestrated by IgE-activated mast cells and the mediators that these cells elaborate (approximately 1--24 h post-stent deployment) to promote secondary infiltration of basophils, eosinophils, macrophages, neutrophils, and T lymphocytes (approximately 12--24 h post-stent deployment) that can remain chronically situated around stent struts. Thus, occurrence of the first phase of hypersensitivity would coincide with onset of acute stent thrombosis, while the latter time frame would fit the onset of both late and very late stent thromboses. Evidence of a role for eosinophils in thrombogenesis includes observations made in hypereosinophilic patients.[@bib771] Furthermore, endothelial cells are likely targets for the highly basic-charged major basic and eosinophil cationic proteins (MBP and ECP) of eosinophils, considering that ECs express a negatively charged glycocalyx on their luminal surface. Once bound to ECs, these proteins may inflict damage or even kill these cells, as suggested by their cytotoxic capabilities.[@bib752] Alternatively, direct activation of platelets by MBP and/or eosinophil peroxidase (EPO),[@bib772] or disruption of thrombomodulin function by MBP,[@bib773] may explain the contribution made by eosinophils to stent thrombosis. Eosinophil presence in the context of stent-related thrombosis cases that may be secondarily related to tissue remodeling and consequent stent malapposition[@bib756] raises the possibility that eosinophils directly or indirectly possess tissue-remodeling properties. Both may be true, since eosinophils express matrix metalloproteinase-9 (MMP-9),[@bib774] which is a collagenase capable of degrading type IV collagen, a major component of subendothelial layer basement membranes. Furthermore, eosinophils secrete interleukin-8,[@bib752] a chemokine that has been shown to induce release of MMP-2 (a collagenase) and MMP-9 from ECs.[@bib775] Eosinophils also express vascular endothelial growth factor (VEGF)[@bib776] and heparanase.[@bib777] These factors are likely to partially mediate the ability of eosinophils to promote angiogenesis,[@bib778] by inducing EC growth (VEGF) and degradation of perlecan (heparanase), a heparan sulfate proteoglycan component of basement membranes. The relevance of this is that angiogenesis can occur in the context of the granulation stage of vascular healing following stent insertion. The cumulative occurrence of any thrombi that may form as a result of angiogenic events may culminate as a thrombus of significant size, with the ability to dramatically or completely block blood flow in the main stented vessel. [Table 13.12.2](#t0055){ref-type="table"} summarizes investigations that have linked stent-related thrombosis with eosinophilic inflammation. Kawano and coworkers reported that a patient who received a BMS to relieve total occlusion of the left coronary artery experienced repeated episodes of restenosis after stent implantation.[@bib761] Examination of the restenotic lesion revealed granulation tissue with eosinophil infiltration. The patient displayed positive reactions to allergic patch tests for nickel and molybdenum, both of which are components of the 316L stainless steel BMS that the patient received. Thus, through their direct association with granulation tissue formation, eosinophils may contribute to both thrombotic and restenotic mechanisms that pertain to stent deployment. Details concerning the former are outlined above, while the latter may be due to activation of platelets by eosinophilic proteins[@bib772] and subsequent platelet degranulation to release promitogenic factors, such as platelet-derived growth factor and fibroblast growth factor, capable of stimulating VSMC migration and proliferation.TABLE 13.12.2Association of Eosinophils with Stent ThrombosisSpeciesIntervention(s)ObservationsReference NumberHumanBMSVLST, eosinophil infiltrate[@bib753]HumanOverlapping CypherLST, eosinophils, T lymphocytes, aneurysm[@bib754]HumanOverlapping CypherRepeated thrombosis, eosinophils[@bib755]HumanCypher and TaxusVLST, eosinophils, vessel remodeling, stent malapposition\
Cypher \> Taxus[@bib756]HumanCypher and TaxusOccurrence of eosinophil inflammation in DES-specific, HS-associated thrombosis = 100%[@bib764]HumanCypher and TaxusOccurrence of eosinophil inflammation in DES-related, HS-associated thrombosis = 100%[@bib747][^8]

Restenosis of revascularization attempts by BMS or DES implantation are associated with eosinophil infiltration. This was documented nearly 20 years ago, when the transition from POBA to POBA with BMS deployment was being tested for clinical use. Karas and colleagues compared histological patterns of restenosis between POBA and insertion of a BM tantalum stent into swine coronary arteries.[@bib757] Inflammation accompanied by greater VSMC proliferation was observed in association with in-stent restenosis. The inflammatory infiltrate consisted of eosinophils, macrophage-like histiocytes, and T lymphocytes surrounding stent struts. Consistent with this, a more recent report found VSMC proliferation to be primarily responsible for restenosis following stenting, but not following POBA, in swine.[@bib758] Macrophages were selectively found in stented lesions and were accompanied by neutrophils and eosinophils. In another investigation, T lymphocytes were found in restenotic lesions of both POBA and BMS; however, significantly more VSMCs and eosinophils were associated with in-stent restenosis.[@bib759] These studies suggest a positive correlation between inflammation characterized by eosinophil presence and VSMC proliferation and, similar to observations made relating eosinophils to stent thrombosis, a hypersensitivity reaction to a stent component that ultimately attracts eosinophils to the stented vessel segment. Such a relationship between the VSMC proliferative component of restenosis and eosinophil infiltration is significant, given the importance of VSMC growth in restenosis[@bib740] and the fact that DES are loaded specifically with antiproliferative compounds primarily intended to block VSMC mitogenesis. Interestingly, other studies have shown the selective association of eosinophils, among other circulating cells including inflammatory and bone marrow-derived progenitor cells, with in-stent restenosis. Gabbasov and colleagues found that the number of osteonectin-positive progenitor cells, but not granulocytes, in blood were higher in patients afflicted with ischemic heart disease (IHD; *n*  = 38) than in healthy individuals (*n*  = 17).[@bib779] In contrast, only elevations in eosinophils were detected in IHD patients that subsequently received Cypher DES and experienced restenosis (*n*  = 15). Blood eosinophil levels were not increased in patients that did not undergo restenosis (*n*  = 23). Together, histological and blood analyses have established a link between eosinophil presence and restenosis that is particularly associated with stent deployment, compared to POBA. These study observations suggest that eosinophils are equipped to contribute to the mechanism of restenosis. However, the question remains: are eosinophilic contents biomarkers of restenosis and thrombosis or do they actively contribute to these processes?

Niccoli and colleagues[@bib780] showed that serum ECP levels prior to Cypher or Taxus implantation predicted whether patients would experience a major adverse cardiac event (MACE), including cardiac death, recurrent myocardial infarction, or target lesion revascularization (TLR), which was defined as being necessary if \>50% stenosis occurred within 5 mm upstream or downstream of the stent. The majority (60%) of MACE onset occurred 180 days after stent insertion, while 27% of such cases happened more than 1 year following deployment. Clopidogrel was prescribed for 9 months and aspirin for a lifetime after stent insertion. Some patients had allergies, none of which were confirmed to stent components, such as metals or polymers. Furthermore, ECP levels were nearly equivalent between allergic and nonallergic patients that did not experience MACE. What factor(s) could preelevate ECP levels in individuals who had not yet been exposed to potential allergens contained in DES? Elevated ECP levels may be explained by prior observations indicating that eosinophil count positively correlated with IHD development[@bib781] and that eotaxin/C-C motif chemokine 11 (CCL11) levels may play a role in atherosclerosis.[@bib782] Taken together, these studies suggest that ECP may play a causative role in MACE, particularly TLR, which represented the majority of MACE cases in this study, since it was elevated before stent implantation. Related to this issue, experimental evidence implicates eosinophilic contents as having the potential to promote prorestenotic events during the healing process post-stent deployment. For example, as discussed earlier, activation of platelets by both MBP and EPO[@bib772] may liberate growth factors from platelets that are capable of inducing migration and proliferation of VSMCs. By secreting eotaxin and transforming growth factor β (TBF- β),[@bib752] eosinophils may directly stimulate VSMC migration[@bib783] and extracellular matrix production by fibroblasts and VSMCs,[@bib784] respectively. Each of these manifestations of eosinophilic secretory products would contribute to restenotic lesion development. Masu and colleagues described that a heat-labile, unidentified constituent of \<10 kDa in eosinophilic lysates can promote proliferation of airway smooth muscle cells (SMCs),[@bib785] suggesting the ability of eosinophils to also stimulate vascular SMC growth. [Table 13.12.3](#t0060){ref-type="table"} provides a summary of studies that have reported an association between eosinophilic inflammation and restenosis. Further studies involving genetic deficiency or mRNA silencing may delineate which specific eosinophil component is responsible for this and other prorestenotic activities.TABLE 13.12.3Association of Eosinophils with RestenosisSpeciesIntervention(s)ObservationsReference NumberPigPOBA and BMSEosinophils associated with BMS only; also histiocytes and macrophages present[@bib757]PigPOBA and BMSEosinophils associated with BMS only; neutrophils also present; VSMC hyperplasia[@bib758]HumanPOBA and BMSEosinophils, VSMCs, T lymphocytes:\
BMS \> POBA[@bib759]HumanBMSEosinophils, VSMC and matrix accumulation[@bib761][^9]

Conclusion {#s0705}
----------

In summary, healing in coronary vessels can be a deleterious phenomenon in two instances, including forming atherosclerotic lesions following EC injury and forming thrombi and restenotic lesions following stent implantation. Ironically, treatments to alleviate atherosclerotic burden have evolved to include use of a minimally invasive therapeutic mode, namely deployment of BMS and DES, that potentially incites yet further, exaggerated, healing responses that can manifest as clinical concerns. This subchapter explains that healing events associated with stent deployment may be two-fold, including standard hemostatic, inflammatory, and tissue-remodeling phenomena that are likely common to all occurrences of stent implantation and, in a minority of individuals, superimposition of such standard healing responses by hypersensitivity reactions to the stent itself. To date, data suggest that both BM and polymer components of DES are candidates to stimulate involvement of factors and cells that mediate such hypersensitivity reactions, including eosinophils. Basic science studies have revealed the possibility that eosinophils contribute to thrombosis and restenosis associated with stent implantation, by virtue of the potentially prothrombotic effects of their granule proteins, such as ECP, EPO, and MBP, on platelets and thrombomodulin, and on SMC growth. As the incidence of hypersensitivity reactions as sequelae to stent implantation becomes more evident, routine prophylactic measures may be warranted, in addition to postprocedural DAPT prescription, in candidate stent recipients, to include prescreening individuals for allergies to stent components. Of course, the integrity of such tests is encumbered by the caveat that positive allergic patch tests may not predict the occurrence of stent-related thrombotic or restenotic events.[@bib763] Alternatively, the use of next-generation bioabsorbable stents, which have relatively limited residency times in vessels compared to nonbioabsorbable stents such as Cypher and Taxus, would theoretically eliminate the stimulus for eosinophilic responses relatively quickly and serve as a reasonable and useful way to reduce complications due to hypersensitivity in vulnerable patients. Clearly, observations made of eosinophils in the vicinity of stent struts in association with thrombosis and restenosis are highly suggestive of a role for these cells in such adverse events. Further work, perhaps involving eosinophil-deficient animals or cultured eosinophils deficient in granule proteins, is needed to more precisely define the role of eosinophils and the extent of medical attention deemed necessary to mitigate their presumed involvement in stent-associated thrombosis and in restenosis.

Chapter 13.13. Eosinophils and Allograft Rejection {#sc13}
==================================================
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Three decades ago, eosinophils were described as having a role in transplant rejection or graft-versus-host disease. Although the concept of an experimental alloreactive T-helper type 2-mediated effector pathway involving interleukin-4 (IL-4), IL-5, and eosinophils is widely accepted, the precise role of eosinophils in these clinical settings is still unclear. Indeed, eosinophils are potentially important mediators in processes of tissue damage, but also in tissue repair and remodeling, as well as immune regulation. Besides, eosinophilia could be interpreted as an outcome predictor. Herein, relevant clinical and experimental observations of eosinophil infiltration in solid organ and hematopoietic stem cell transplantation are discussed in a *friend or foe* perspective.

Brief Overview of Eosinophil Biology {#s0710}
------------------------------------

Eosinophils are a minor leukocyte subset in healthy subjects, representing less than 5% of circulating white blood cells, and present in discrete locations, specifically the bone marrow, digestive tract, mammary glands, thymus, and uterus.[@bib786], [@bib787] Eosinophils belong to the myeloid lineage, and their differentiation and proliferation in the marrow is controlled successively by specific transcription factors \[including GATA binding protein 1 (GATA1) and transcription factor PU.1\] and growth factors \[granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-3 (IL-3), and IL-5\]. Among the latter, only IL-5 is specific for the eosinophil lineage in humans, as eosinophil precursors express the ligand-binding IL-5RA on their surface. Increased production of IL-5 *in vivo* by CD4^+^ T cells[@bib788] or transformed cells (e.g., carcinomas[@bib789] or Reed Sternberg cells[@bib790]) results in increased eosinophilopoiesis and peripheral eosinophilia in blood and/or tissues. Various factors contribute to preferential eosinophil transendothelial migration and homing in tissues,[@bib786] including adhesion molecules (vascular cell adhesion protein 1; VCAM-1), cytokines (IL-5), chemokines \[specifically, eotaxins 1, 2 and 3, as well as RANTES (C-C motif chemokine 5) and monocyte chemoattractant protein (MCP)\], and arachidonic acid metabolites \[leukotriene B~4~ (LTB~4~), cysteinyl-leukotrienes, and prostaglandin D2 (PGD2)\], in addition to the more general signals generated under conditions of cell stress and death.

Eosinophils were long considered as exclusively effector cells, able to induce significant tissue damage and dysfunction by releasing preformed, highly cytotoxic mediators, including the granule proteins, major basic protein and eosinophil cationic protein, producing reactive oxygen species, and generating arachidonic acid metabolites such as platelet activating factor (PAF) and LTC4 (reviewed in 1). These effector functions were considered potentially beneficial in the setting of parasitic infections, and harmful in the setting of allergic responses to environmental antigens. Recent studies have shattered this paradigm. It is now well established that eosinophils are active participants in ongoing immune responses through the production of cytokines and chemokines, and through previously unrecognized functions of their granule proteins \[e.g., the ability of eosinophil-derived neurotoxin, a natural Toll-like receptor 2 (TLR2) ligand, to induce dendritic cell maturation and to promote antigen-specific T-helper type 2 (T~h~2)-biased immune responses[@bib791]\], and that they possess many characteristics of antigen-presenting cells, enabling them to elicit antigen-specific CD4^+^ T cell responses. Indeed, eosinophils express major histocompatibility molecule (MHC) class II and co-stimulatory molecules (CD40, CD80, and CD86), and were shown to be able to process antigen (ovalbumin; OVA) and present it to naive CD4^+^ T cells in lymph nodes, in a murine model of allergic pulmonary inflammation.[@bib792] Further upstream in allergic pulmonary inflammation, eosinophils have been shown to be required for the recruitment of antigen-specific effector CD4^+^ T cells to the lungs and the development of typical histopathological changes after allergen challenge in mice.[@bib793] Their ability to induce production of the T~h~2 chemokines thymus and activation-regulated chemokine (TARC) and macrophage-derived chemokine (MDC) in the lung is critical in this process.

In parallel with these proimmune functions, eosinophils also have the potential to modulate local inflammatory responses, for example dampening T~h~1-dominated inflammation through release of IL-4 and IL-6.[@bib794] Production of galectin-10 (also known as Charcot--Leyden crystal protein), IL-10, indoleamine 2,3-dioxygenase, and transforming growth factor β (TGF-β) may confer eosinophils with a regulatory role on effector T-cell responses.[@bib795], [@bib796], [@bib797] Eosinophils also contribute to processes of remodeling and repair. Although eosinophils produce several potentially relevant factors, including fibroblast growth factor 2 (FGF-2), matrix metalloproteinase-9 (MMP-9), and vascular endothelial growth factor (VEGF), mechanistic studies establishing a causal role in remodeling are lacking; in contrast, several studies strongly suggest that eosinophil-derived TGF-β contributes to airway remodeling in allergic asthma.[@bib798], [@bib799]

A series of observations on eosinophil behavior in health and disease unaccounted for by our current understanding of eosinophil biology, together with the paucity of experimental data supporting a causal relationship between eosinophil cytotoxicity and tissue damage and/or disease, have generated the *Local Immunity and/or Remodeling/Repair (LIAR) hypothesis*, which has recently been presented for scientific scrutiny.[@bib800] The authors propose a central role for eosinophils in modulating LIAR, with recruitment of these cells to sites of cell death and turnover where stem cell activities are operative, in order to maintain tissue homeostasis. The accumulation and functions of eosinophils are dependent on various factors in the local microenvironment, including the presence of other specific immune effector cells, and of soluble growth factors liable to sustain eosinophil survival and activation. At physiological sites of high cell turnover, such as the endometrial lining and the gut, it is assumed that eosinophils dampen immune responses that could be triggered by such active metabolic activity. Similarly, eosinophils may inhibit the immune response elicited by tissue-infiltrating helminth parasites, favoring cohabitation between host and pathogen. In contrast, the local production of eosinophil growth-promoting and activating cytokines by other immune cells in allergic inflammation may favor positive feedback loops that sustain and amplify the immune response.[@bib792], [@bib801], [@bib802]

Finally, in addition to the increasing complexity of eosinophil contributions to adaptive immunity, a role for eosinophils in innate immunity was recently suggested by a study showing that eosinophils express variable levels of CD3 and γ/δ T-cell receptors, which are involved in antimycobacterial and antitumor immune responses.[@bib803] The inflammation that develops in solid organ transplants in the setting of an alloimmune response (i.e., transplant rejection) may contain, and in some instances be dominated by, eosinophilic infiltrates.[@bib804] Whether eosinophils are directly involved in the damage to foreign tissue and thus actively contribute to rejection through release of their cytotoxic mediators, or are engaged in LIAR activities, is currently unknown. The local release of small molecule mediators, such as damage-associated molecular pattern molecules, by dying cells within the transplant may contribute to very early eosinophil recruitment.[@bib800] Eosinophils could theoretically contribute to initiation of the allogeneic response by cross-presentation of foreign MHC antigens; they may also favor local recruitment of allospecific effector T cells, as is seen in allergic inflammation.

Eosinophils in Experimental Allograft Rejection {#s0715}
-----------------------------------------------

In mouse models of acute graft rejection in the setting of deficient CD8^+^ T-cell effector functions, namely MHC class II-incompatible skin grafts[@bib805] and fully histoincompatible cardiac transplants in CD8-deficient recipients,[@bib806] marked eosinophilic infiltrates emerge that are dependent on IL-5 produced by antidonor CD4 T cells. However, IL-5 neutralization or silencing, and associated eosinophil depletion, fails to prevent rejection in these stringent alloreactive models, indicating at most a partial contribution of eosinophils to rejection.[@bib804] This is not surprising, since allograft rejections are mediated by multiple redundant pathways.[@bib807] Nevertheless, turning off T-cell cytotoxicity revealed a role for IL-5 and eosinophils in a model of acute and chronic rejection of MHC class II-incompatible skin grafts.[@bib804], [@bib805], [@bib808] In the chronic rejection model, the T~h~1 component of alloreactivity and T-cell cytotoxicity were dampened by repeated injections of anti-CD3 antibody. Similarly, treatment with anti-CD154 and a depleting CD8 monoclonal antibody Ab resulted in eosinophilic infiltration in a model of transplant arteriosclerosis.[@bib809], [@bib810] In other experiments, the adoptive transfer of alloreactive non-cytotoxic T~h~2 clones into T cell-deficient mice induced the rejection of skin or cardiac allografts characterized by a dense eosinophil infiltrate.[@bib811], [@bib812] Finally, IL-4 or IL-5 neutralization, as well as eosinophil depletion through repeated injections of anti-CCR3 (C-C chemokine receptor type 3) antibody, prevented the rejection of weakly immunogenic skin grafts bearing a single minor antigen disparity in MHC class I-deficient recipients.[@bib813]

Eosinophils in Solid Organ Transplantation {#s0720}
------------------------------------------

### Eosinophils and Kidney Transplantation {#s0725}

The role of eosinophils in renal transplantation has aroused little attention. Although publications described the presence of eosinophils during renal allograft rejection in the early 1980s,[@bib814] the first systematic reviews on the subject only appeared in the mid-1980s.[@bib815], [@bib816] This may be due to technical reasons. Indeed, conventional staining techniques, like hematoxylin--eosin (H&E), underestimate the presence of tissue eosinophils and do not usually detect their degranulation.[@bib817] Motivated by a case report of marked hypereosinophilia and eosinophilic infiltration in a rejected renal allograft, in 1986 Weir and coworkers decided to investigate retrospectively a cohort of 132 renal transplant recipients (124 biopsies) with 187 episodes of acute rejection.[@bib815] They concluded that increased eosinophils in the blood or renal biopsy represented an adverse prognostic factor for renal outcome. This was followed by a prospective study by Kormendi and coworkers analyzing cellular infiltrates using fine-needle aspiration in a cohort of 83 renal allograft recipients during the first month posttransplantation.[@bib816] Tissue eosinophilia exceeding 4% was considered a useful cutoff with a predictive accuracy for serious or irreversible rejections of 71% (sensitivity: 78%; specificity: 91%, with a prevalence of acute rejections of 32.5%). In contrast, blood eosinophil counts were found to be less reliable. In another study, Ten and coworkers showed eosinophils in the kidney interstitium and in tubular casts.[@bib818] Of note, eosinophil degranulation was evaluated by the extracellular localization of the eosinophil granule major basic protein (MBP) as revealed by immunofluorescence. In this small cohort of 16 patients, eosinophils and extracellular MBP were more frequently observed in acute rejection (94% and 87%, respectively) than in cyclosporine toxicity (6 patients; 17% and 17%), whereas both features were absent in controls (normal kidney donors). Similarly, urinary levels of MBP were also elevated in acute rejections and acute interstitial nephritis while they remained normal in cyclosporine nephrotoxicity. In another study, eosinophils and extracellular eosinophil cationic protein (ECP) were prominent features of acute vascular rejection rather than interstitial rejection, and eosinophil density increased in areas bordering necrotic tissue and in arteries with necrotic lesions.[@bib819] A correlation between eosinophil infiltrates and rejection severity was also observed by Meleg and coworkers, who reviewed 29 allograft nephrectomies.[@bib820] They concluded that a **s**ignificant **i**nterstitial **g**raft **e**osinophil infiltrate called *SIGE* was statistically associated with vascular rejections but not iatrogenic interstitial nephritis. This was already reported by Hongwei and coworkers, who also found a correlation between the density of the eosinophil infiltrate and the rate of graft loss by rejection.[@bib821] All together, these observations reinforce the possibility of a nonincidental, causative association between eosinophils and acute allograft rejection ([Table 13.13.1](#t0065){ref-type="table"} ).TABLE 13.13.1Summary of ObservationsType of TransplantationSupposed Role[∗](#tbl13_13_1fnlowast){ref-type="table-fn"}Marker of SeverityPredictive of Good or Bad OutcomeReferencesKidneyEffectorYesBad[@bib815], [@bib816], [@bib817], [@bib818], [@bib819], [@bib820], [@bib820]LungEffectorYesBad[@bib822], [@bib825]LiverEffectorYesBad[@bib826], [@bib827], [@bib828], [@bib829], [@bib830], [@bib831], [@bib832], [@bib833], [@bib834], [@bib835]HSC?Yes\
NoBad\
Good[@bib840], [@bib841], [@bib844], [@bib857], [@bib858], [@bib859]\
[@bib842], [@bib843], [@bib846], [@bib848][^10]

Eosinophils are also linked to chronic allograft rejection characterized by interstitial fibrosis, obliterative arteriopathy, and tubular atrophy. Indeed, Nolan and coworkers reported the presence of eosinophils in 93% of renal allografts undergoing chronic rejection.[@bib817] They were located in the intimal and adventitial space of the thickened arteries, as well as in the interstitium. Interestingly, *in vitro* experiments revealed that eosinophil by-products (see above) enhanced fibroblast and vascular smooth muscle cell proliferation in murine and human experiments, perhaps reflecting a pathogenic mechanism involved in obliterative arteriopathy. Although these data strongly suggest a pathogenic role for eosinophils and by-products in kidney allografts, their presence may be related to other functions, as evoked in the *LIAR hypothesis*.

### Eosinophils and Lung Transplantation {#s0730}

Although eosinophils are described in chronic and acute lung allograft rejection, their role in these processes remains unclear.[@bib822], [@bib823], [@bib824] Acute lung rejection classically occurs during the first year after transplantation and its diagnosis is essentially based on transbronchial biopsies (TBB). The current international guidelines, published in 2010 by the International Heart and Lung Transplantation Society (ISHLT),[@bib825] establish acute lung rejection as the presence of, firstly, perivascular and interstitial mononuclear cell infiltrates (grade A) and, second, small-airway inflammation, namely lymphocytic bronchiolitis (grade B). Grading is scaled depending on the composition, extension, and intensity of the infiltrate. Eosinophils are not a feature of grade A1 (minimal rejection), but are found in grade A2 (mild vascular rejection) and, importantly, are considered to be a common finding in severe vascular rejection (grade A3). Regarding airway inflammation, eosinophils are considered to be occasional in low-grade (B1R) and common in high-grade (B2R) inflammation.

Chronic lung allograft rejection, synonymous with bronchiolitis obliterans syndrome (BOS), occurs in up to 50% of recipients. BOS is characterized by a persistent decrease in expiratory flow and is potentially life threatening, requiring retransplantation. Although eosinophils are not taken into consideration in the ISHLT working formulation for this condition, a recent prospective cohort study reported that recurrent tissue eosinophilia (with higher concentrations of IL-6 and IL-8) is significantly associated with an increased risk of developing BOS.[@bib822]

Increased eosinophilia in lung transplant recipients should be interpreted with caution for two reasons.[@bib824] Firstly, there are numerous nonrejection-related causes of graft eosinophilia. Among these, infectious diseases are dominant, including fungi (e.g., aspergillus and coccidioidomycosis), bacteria (e.g., tuberculosis), helminths (e.g., *Toxocara canis* and *Ascaris lumbricoides*), and even viruses (e.g., cocksackies). High-dose steroid treatment could be detrimental under these conditions. Drug reactions are also a common cause of pulmonary eosinophilia (e.g., antibiotics, diuretics, or methotrexate). The second reason is that blood eosinophilia does not always reflect bronchoalveolar lavage fluid or lung tissue eosinophilia. Lung biopsies are therefore crucial for assessing the role of eosinophils after lung transplantation.

### Eosinophils and Liver Transplantation {#s0735}

There are many similarities regarding eosinophilia in liver transplantation compared with other transplanted organs already discussed. IL-5 and eosinophils were rapidly identified during liver allograft rejection.[@bib826], [@bib827], [@bib828], [@bib829], [@bib830] There was a consensus for considering eosinophils and IL-5 as mediators of a nonclassical pathway of rejection (i.e., non-T~h~1-mediated rejection).[@bib831], [@bib832] Indeed, liver allografts with evidence of rejection showed concomitant intragraft IL-5 mRNA and activated eosinophils releasing MBP.[@bib831] In pediatric recipients, elevated biliary and serum IL-5 correlate with rejection.[@bib832] Along the same lines, another study reported that blood eosinophilia and serum ECP are early indicators of acute liver allograft rejection and precede alterations of conventional liver function tests by several days.[@bib833] However, the use of increased serum ECP as a rejection marker is limited by its association with infections.[@bib833] These pioneering findings were confirmed and refined by more recent studies that identified graft and blood eosinophilia as an independent highly specific marker of acute liver allograft rejection.[@bib826], [@bib827], [@bib830], [@bib834], [@bib835] In addition, an elevated blood eosinophil count may predict the severity of rejection, just as in the case of lung and kidney transplantation.[@bib834] However, the use of this potential marker of rejection is limited in patients with hepatitis C infection, and those treated with corticosteroids, as both these circumstances decrease eosinophil levels.[@bib834]

Eosinophils and Hematopoietic Stem Cell Transplantation {#s0740}
-------------------------------------------------------

Inflammation plays a pivotal role in the complex pathogenesis of acute and chronic graft-versus-host disease (GVHD). Conventionally, acute GVHD (aGVHD) is described as a T~h~1 disease associated with the release of interferon γ (IFN-γ), IL-2, IL-12, and TNF-α.[@bib836], [@bib837], [@bib838] The gastrointestinal tract, liver, and skin are the most common targets of GVHD, and diarrhea, jaundice, and skin rash are its most common manifestations. Chronic GVHD has features resembling autoimmune and other immunological disorders, such as bronchiolitis obliterans (see above), chronic immunodeficiency, Sjögren syndrome, and systemic sclerosis. Although the pathophysiology has not been fully elucidated, chronic GVHD appears to be mediated by the overproduction of T~h~2-type cytokines, namely IL-4 and IL-5.[@bib838], [@bib839]

The role of eosinophils in acute and chronic GVHD is a matter for speculation. Thirty years ago, Shulman and coworkers showed for the first time that eosinophilia after allogeneic hematopoietic stem cell transplantation (HSCT) was often present at the time of diagnosis of chronic GVHD.[@bib840] Afterwards, it was shown that eosinophilia could precede, sometimes by several months, the onset of chronic GVHD symptoms, and seemed to have a strong predictive value for the subsequent development of this condition.[@bib841], [@bib842] Should this be confirmed by additional prospective trials, this observation may have significant clinical impact. More recently, eosinophilia was also observed among patients who developed aGVHD and, similar to chronic GVHD, was seen before the beginning of symptoms in some cases.[@bib843], [@bib844] The pathophysiology behind eosinophilia in the setting of GVHD remains unclear. T~h~2 cytokine production may be involved, as suggested by the finding that serum IL-5 concentrations are elevated in patients with symptoms of aGVHD.[@bib845], [@bib846] However, no correlation with blood eosinophilia has been observed.[@bib847]

Studies focusing on the prognostic importance of eosinophilia have produced conflicting data. In chronic GVHD, some retrospective data suggest a better outcome for HSCT recipients with eosinophilia, while others found no correlation, suggesting that eosinophilia may just be a bystander of cGVHD rather than a prognostic biomarker.[@bib841], [@bib846], [@bib848] Among young patients with malignant diseases treated by HSCT, those with eosinophilia showed increased event-free survival and a lower relapse rate than those without eosinophilia, suggesting that eosinophils could be involved in the graft versus leukemia effect.[@bib846] In aGVHD, observational studies showed that patients with eosinophilia after allogeneic HSCT have a milder disease than patients without eosinophilia.[@bib843]

One could hypothesize that improved prognosis of aGVHD when eosinophils are present is related to the fact that this reflects T~h~2, rather than T~h~1 (classically considered as the effectors of aGVHD cell activation). In agreement, murine studies have shown that several cytokines that are known to favor T~h~2 polarization of donor T cells, such as GM-CSF, IL-4, or rapamycin, can reduce aGVHD.[@bib849], [@bib850], [@bib851], [@bib852]

In humans, it has been shown that an increased number of IL-4- and IL-10-producing cells are associated with reduced severity or absence of aGVHD,[@bib853], [@bib854] also suggesting a possible protective role for T~h~2 cytokines in aGVHD. Nevertheless, reports indicate that T~h~2 subsets may actually cause aGVHD by targeting other organs than those targeted by T~h~1 subsets.[@bib855], [@bib856] This argues against a rigid paradigm according to which aGVHD is a T~h~1 process and chronic GVHD a T~h~2 process. In support of this hypothesis, prospective data have shown that bone marrow eosinophilia after HSCT may be a predictive marker of severe aGVHD.[@bib857] Similarly, the presence of eosinophils in duodenal biopsy specimens taken during acute flares correlates with intestinal GVHD severity.[@bib858] There is also evidence that eosinophils show signs of activation in both blood and target organs of patients during aGVHD flares.[@bib859], [@bib860] The bad reputation of eosinophils in GVHD generated by these observations has led some investigators to test the efficacy of montelukast (an orally active leukotriene antagonist that inhibits eosinophils) as a supplement to standard therapy for patients with chronic GVHD, with promising preliminary results.[@bib861] For the time being, the role of eosinophils in target organ damage still needs to be assessed in the setting of well-conducted experimental studies.[@bib862]

Conclusion {#s0745}
----------

In conclusion, compelling evidence links activated eosinophils with allograft rejection and graft-versus-host disease. In contrast to mast cells, they are not (yet) linked to transplantation tolerance.[@bib863] Their presence seems to be correlated with the gravity of tissue damage, which may reflect effector functions contributing to rejection, or eosinophil accumulation in response to tissue damage, in agreement with the LIAR hypothesis. To date, the roles played by IL-5 and eosinophils in the redundant pathways of allograft rejection and the potential graft healing processes remain cryptic. The recent availability of genetically engineered mice lacking eosinophils (PHIL and ΔdblGATA) provides a unique opportunity to clarify their contribution to these processes.[@bib864], [@bib865]

Chapter 13.14. Eosinophils and Calpain-3 Mutation: A Genetic Cause Implicated in Idiopathic Eosinophilic Myositis {#sc14}
=================================================================================================================
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Eosinophilic myositis is a rare histopathological entity characterized by infiltration of skeletal muscle tissue by eosinophils, possibly in association with peripheral blood and/or bone marrow hypereosinophilia. Eosinophilic myositis may be associated with parasite infections, systemic disorders, or toxic causes. The exclusion of these different etiologies determines the diagnosis of idiopathic eosinophilic myositis. Calpain-3 gene mutations have been identified as the first genetic change involved in eosinophilic myositis, whereas eosinophilic infiltration is not known to be a typical feature of limb-girdle muscular dystrophy type 2A, also caused by CAPN3 mutations. Different reports now raise the question of transient eosinophilic infiltration being a possible feature in a wider range of muscular dystrophies.

Eosinophilic Myositis {#s0750}
---------------------

Eosinophilic myositis is a rare histopathological entity characterized by infiltration of skeletal muscle tissue by eosinophils, possibly in association with peripheral blood and/or bone marrow hypereosinophilia. These characteristics distinguish eosinophilic myositis from other idiopathic inflammatory myopathies, such as polymyositis and dermatomyositis. The diagnosis of eosinophilic myositis is based on the histological examination of muscle biopsy sections. Infiltration of skeletal muscle tissue by eosinophils is an unusual event, observed especially during parasite infections (including *Taenia solium*, *Trichinella spiralis*, and sarcocystosis)[@bib866] or more rarely bacterial infections (borreliosis). Several immune disorders, such as sarcoidosis or rheumatoid arthritis, may also be accompanied by eosinophilic infiltration of the skeletal muscle tissue. These forms must be identified as they may benefit from specific therapeutic management. Additionally, some toxic causes have been implicated in the formation of eosinophilic infiltrates in muscle tissue. Those include, in particular, the ingestion of certain plant oils (which caused Spanish toxic oil syndrome in 1981)[@bib867] and the eosinophilia-myalgia syndrome, caused by the ingestion of L-tryptophan and presenting with a histological aspect resembling eosinophilic fasciitis, but associated with multisystemic manifestations.[@bib868], [@bib869]

### Idiopathic Eosinophilic Myositis {#s0755}

The exclusion of the aforementioned different etiologies determines the diagnosis of *idiopathic* eosinophilic myositis. Depending on the localization of the eosinophilic infiltrate, idiopathic eosinophilic myositis can be classified into three subgroups (reviewed in[@bib870], [@bib871]): focal eosinophilic myositis, eosinophilic polymyositis, and eosinophilic perimyositis.

#### Focal Eosinophilic Myositis {#s0760}

Focal eosinophilic myositis includes eosinophilic infiltration of muscle tissue with invasion of muscle fibers, and is associated with necrotic fibers.[@bib870] Clinically, myopathy preferentially affects the lower limbs, without involvement of skin or fascia. Eosinophilia is usually observed, and is associated with elevated serum creatine phosphokinase (CPK) levels. Spontaneous or corticosteroid-induced recovery may be observed, but with frequent relapses.

#### Eosinophilic Polymyositis {#s0765}

At the histological level, eosinophilic polymyositis combines diffuse eosinophilic infiltration of the muscle tissue and at perivenular locations, associated with necrotic fibers.[@bib870], [@bib872] Unlike focal eosinophilic myositis, infiltration is instead located at the perimysium, without muscle fiber invasion. Clinical presentation associates myositis with severe systemic symptoms, including possible cardiac and skin involvement. Myopathy is preferentially proximal and high serum CPK levels are observed, reflecting extensive muscle damage. Corticosteroid treatment can allow recovery, but with possible relapses if not continued long term.

#### Eosinophilic Perimyositis {#s0770}

In eosinophilic perimyositis, infiltrates predominate at the superficial fascia and perimysium.[@bib870], [@bib873] There is usually no damage to muscle fibers and, in particular, no necrosis. Clinically, a prodromal phase (abdominal pain, arthralgia, and fever) precedes muscle damage, which involves preferential impairment of lower limbs with localized induration. Eosinophilia is rare, and serum CPK levels are usually normal. The evolution can be spontaneously favorable.

### Shulman\'s Syndrome {#s0775}

Shulman's syndrome,[@bib874] or eosinophilic fasciitis, is a distinct entity characterized by eosinophilic infiltration of the deep fascia, without systemic manifestations, and about half the cases are responsive to corticosteroid treatment.[@bib875]

A Genetic Cause for a Subset of Idiopathic Eosinophilic Myositis {#s0780}
----------------------------------------------------------------

At the current state of knowledge, eosinophilic myopathies constitute a heterogeneous group of rare diseases without a causal factor being identified in most cases.

In 2006, our group reported an unexpected clinical observation: a 4-year-old boy was diagnosed with idiopathic eosinophilic myositis and muscle biopsy analysis revealed a calpain-3 protein defect.[@bib876] Calpain-3 is a muscle-specific protein, belonging to the family of calpains, nonlysosomal calcium-dependent cysteine proteases.[@bib877] The most well studied of the calpains are the ubiquitous heterodimeric calpains (μ-calpain and m-calpain). The human calpain-3 gene is located on chromosome 15q15.1--q21.1. The predominant product of this gene is encoded by 24 exons corresponding to a 3316 bp mRNA expressed mainly in adult skeletal muscles.[@bib878]

The translation of the main calpain-3 gene (*CAPN3*) product leads to the formation of a 94 kDa protein comprising 821 amino acids and consisting of a short N-terminal region (domain I), a papain-type proteolytic domain (domains IIa and IIb), a C2-like domain (domain III), and a calcium-binding domain composed of five EF-hand motifs (domain IV). In addition, calpain-3 possesses three unique sequences not found in other calpains: the NS (N-terminal sequence), and the IS1 and IS2 (inserted sequences 1 and 2) sequences.[@bib879] IS1 is a polypeptide of about 50 amino acids encoded by an alternative exon 6. It is composed of an α-helix flanked by loops that close the catalytic cleft, thus blocking access to substrates and inhibitors.[@bib880] It also contains autolytic sites involved in the initiation of calpain-3 proteolysis by opening the catalytic cleft.[@bib881] Immunolocalization studies carried out in human and mouse demonstrated that calpain-3 located in the N2A, M-line, and Z-line regions of the sarcomere. In addition to these localizations, calpain-3 has also been found at costameres and near the triad of the T-tubule.[@bib882] Calpain-3 functions to promote proteolysis of several substrates located in the costameres, sarcolemma, and sarcomere and seems to be most important in fully differentiated fibers (for review see[@bib879]). In adult fibers, calpain-3 participates in sarcomere adaptation by cleaving cytoskeletal proteins during muscular adjustment, in accordance with the distribution of known substrates.[@bib882]

Mutations in the *CAPN3* gene cause the most prevalent form of autosomal recessive limb-girdle muscular dystrophy (LGMD), type 2A (LGMD2A),[@bib883] also referred to as calpainopathy. Based on the calpain-3 protein defect identified in the boy with idiopathic eosinophilic myositis mentioned above, the *CAPN3* gene was analyzed, revealing mutations and thus a genetic cause associated with eosinophilic infiltration in this case. Nonspecific inflammatory features may be associated with a variety of muscle dystrophies, possibly leading to misdiagnosis of polymyositis in some cases (e.g., congenital muscle dystrophy, fascioscapulohumeral muscular dystrophy, and dysferlinopathies). However, eosinophilic infiltration had not been previously characterized as a component of inflammatory features in muscular dystrophies.

We subsequently identified five additional children diagnosed with idiopathic eosinophilic myositis (exemplified in one patient in [Fig. 13.14.1](#f0115){ref-type="fig"}) and identified *CAPN3* disease-causing mutations in all cases, either in a homozygous or compound heterozygous state. Following our publication of these pediatric cases, two adult cases of idiopathic eosinophilic myositis and *CAPN3* mutations were reported by Amato.[@bib884] In 2009, Oflazer and colleagues reported another pediatric case of idiopathic eosinophilic myositis associated with *CAPN3* mutations,[@bib885] in which a positive effect of immunosuppressive therapy was observed. Since our initial report, we have characterized five additional unrelated patients with idiopathic eosinophilic myositis and *CAPN3* mutations (one adult and four children, unpublished data). Importantly, except for the initially identified boy presenting with a calpain-3 defect, inclusion criteria for *CAPN3* mutation screening of the other cases were based only on the particular histopathological presentation, without any identified etiological factors.

Noteworthy, *CAPN3* mutations identified in patients with idiopathic eosinophilic myositis do not appear to constitute any particular mutational spectrum as compared to *typical* LGMD2A. Our findings demonstrate that at least a subset of idiopathic eosinophilic myositis has a genetic origin, caused by mutations in the *CAPN3* gene and with an autosomal recessive mode of inheritance. On the other hand, as eosinophilic infiltration is not known to be a typical feature of LGMD2A, it is possible that eosinophilia may be a transient feature in the natural course of this disease.

The explanation for eosinophilic infiltration correlating with defective calpain-3 needs to be further evaluated. T lymphocytes may be a key component in this process[@bib886] as:1.Together with macrophages, they are the main components of inflammatory lesions in the vicinity of damaged muscle fibers.2.They play a central role in the chemoattraction of eosinophils by secreting interleukin-5, which induces local eosinophil accumulation[@bib887] and they express calpain-3.[@bib888]Regarding the latter, no relevant function for calpain-3 in T lymphocytes has been identified to date. The presence of eosinophils has been previously reported to be a component of muscular dystrophy in mdx mice, promoted by perforin-dependent cytotoxicity of effector T cells.[@bib889] In addition, eosinophils play a specific role in muscle fiber degradation, due to degradation of myofibrillar and membrane-associated proteins by eosinophil cationic protein.[@bib890]

The identification of *CAPN3* mutations as the first genetic cause involved in eosinophilic myositis indicates that mutations in other genes may also be causal, or act as modifiers, of this pathophysiology. In this regard, a case of dystrophinopathy in which a muscle biopsy shows the appearance of eosinophilic myositis has been described,[@bib891] and Baumeister and coworkers recently reported a case of idiopathic eosinophilic myositis caused by a homozygous mutation in the γ-sarcoglycan gene,[@bib892] which is implicated in another form of LGMD. Interestingly, these reports suggest that early, but transient, eosinophilic infiltration may be a feature of a *wider* range of muscular dystrophies. The role of eosinophils in the natural history of diverse muscular dystrophies should therefore be further investigated, and it is possible that eosinophils may represent a novel therapeutic target. FIGURE 13.14.1Eosinophilic myositis caused by *CAPN3* mutations in a pediatric patient.Depicted are histological findings (hematoxylin and eosin staining) on muscle biopsy samples evidencing mild myopathic changes with focal inflammatory lesions including abundant eosinophilic infiltration, involving necrotic fibers.(Reproduced with permission from Krahn et al., 2006; Annals of Neurology; Wiley.)

[^1]: ECP, eosinophil cationic protein; EDN, eosinophil-derived neurotoxin; EPO, eosinophil peroxidase; EPX, eosinophil protein X; MBP, major basic protein; pI, isoelectric point; RNase 2, non-secretory ribonuclease.

[^2]: ECP, eosinophil cationic protein; EDN, eosinophil-derived neurotoxin; EPO, eosinophil peroxidase; EPX, eosinophil protein X; MBP, major basic protein; ND, not done; pI, isoelectric point; RNase 2, non-secretory ribonuclease.

[^3]: GM-CSF, granulocyte-macrophage colony-stimulating factor; IL, interleukin; PAF, platelet-activating factor.

[^4]: COPD, chronic obstructive pulmonary disease; ICS, inhaled corticosteroid; LABA, long-acting β agonist; RRR, relative risk reduction.

[^5]: CCL26, C-C motif chemokine 26; hpf, high-power field.

[^6]: This is only a partial list

[^7]: BMS, bare metal stent; DES, drug-eluting stent; POBA, plain old balloon angioplasty.

[^8]: BMS, bare metal stent; DES, drug-eluting stent; HS, hypersensitivity; LST, late stent thrombosis (1 month--1 year postprocedure); VLST, very late stent thrombosis (\>1 year postprocedure).

[^9]: BMS, bare metal stent; POBA, plain old balloon angioplasty; VSMC, vascular smooth muscle cell.

[^10]: Based on each author's report, although the role of eosinophils might be more complex (see text).
